OHIO

UNIVERSITY

//,/// R

SRS T g
/ SO

The Organization of Perception
And Action in Complex Control
Skills

Richard A. Miller
Department of Industrial and Systems Engineering

Richard J. Jagacinski
Department of Psychology

National Aeronautics and Space Administration
Ames Research Center
Moffet Field, California 94035

Grant No. NAG 2-195

Final Report
May 1989
v C N89-255¢€8
3 . CEGANIZ2TICN CF
SA-CE~184¢38) 1EE CEG ‘ E
E‘;;CEPTICH ANL 2CTICN IF'CCEEIEtx gg;sﬂfl
<KILls Final Eeport (Chio Stete C;CL 051 saclas

3CC

63/53 0211802



OHIO

UNIVERSITY

The Organization of Perception
And Action in Complex Control
Skills

Richard A. Miller
Department of Industrial and Systems Engineering

Richard J. Jagacinski

'Department of Psychology

National Aeronautics and Space Administration
Ames Research Center
Moffet Field, California 94035

Grant No. NAG 2-195

Final Report
RF Project 763264/714826

May 1989



ACKNOWLEDGEMENTS

This document constitutes the final report for Grant NAG
2-195 and it is basically the dissertation of Alex Kirlek.
The work also had the benefit of the involvement of several
additional dedicated graduate students including Lisa
Messing, Lynn Lytton, and Brian Plamondon. Their individual
work has been reported in previously submitted documents.
All involved with the project gratefully acknowledge the
encouragement and support of E. James Hattzell, project

monitor.




TABLE OF CONTENTS

ACKNQWLEDGMEN TS . . .ttt i et ettt s eestaosescsnasensocssnsnaes i
TABLE OF CONTENTS. ...ttt vt s tereorseensanssssnsanssnase ii
LIST OF TABLES ...t .ttt e0ttesccssotssasssnsnsnsens PP iv
LIST OF FIGURES. ...ttt ittt eesnnceassnsasnessssssaoennans v
CHAPTER . ¢ ¢ s ¢ st o st snesoesossstoesnsansssssasasssosasnaes PAGE
I. INTRODUCTION. vt et s vt nvesocasnesossosenennens 1
Problem Statement.......... ...ttt nennnn 1
Methodological ISSUES......cicveeensonnncanas 6

Overview of ResSultsS. ........cieivernreannnns 13

Document Organization.........coieeeievneenn 18

II. TASK AND EXPERIMENTS . ... .t ittt eceenncesenns 20
Introduction.......vii ittt eenerenneennnnnaas 20

Task Description. ... ...ttt eeneeennennn 22
EXperimentS. ... ie e ieeeeineeeeeeenenonneennns 29

ITITI. CREW PERFORMANCE PROFILES. .. .. ¢t veeoeecoceos 34
Introduction. v iv it in ittt nncarscanens 34
Performance MeasuresS.........cusevvenussssss 34
Comparison of Crew Performance.............. 38

Summary and Hypotheses..............oo ... 50

IV, MODELING APPROACH. .. ...ttt tttvveencenacncess 53
Introduction. ... vii it ittt ittt onas 53

The Focus of InqQuUiry.......ctiiiiennnencsas 54
Psychological Evidence.......... . iiiiivennnn 56

Candidate Modeling Approaches............... 63

Modeling Approach.......ciiiiiiiiverenennnns 73

V. MODEL DESCRIPTION........ ..ttt orvennosenns 83
Introduction. . ittt ittt it eennsnoannesssan 83

Framework for Perceptual Processing......... 83
Structural Description...........iuteeiinns 91
Description of Mechanisms..........cvevuvueens 98

Scout Waypoint Generation Mechanisms........ 99

Friendly Waypoint Generation Mechanisms....109

World Object Planning Mechanisms........... 113

Action Mechanisms........ .ttt ennn 135

ii



VI. FITTING THE MODEL TO HUMAN CREWS........... 141

Introduction. v ittt eeeeenoncenens 141
Parameterization Approach.................. 142

Action Mechanism Parameters........ce.c.. “.167
Perceptual Mechanism Parameters............ 183

Model Evaluation..... .ot iiiiiieenncennnnn 208

VII. MODELING RESULTS ... ¢t tetveesoeeenscsnansnss 216
Introduction.......... et st a s e 216

Summary of Results........ciiieiiieonnnnans 217

Modeling ReSULtS.....iciviveierccncensnenns 219
ConcluSionNS. i iciereceannnennnanns s e e .245
VIII.CONCLUSIONS . ot cteettnssnssonsseoscsssoseanas 251

LIST OF REFERENCES. . ..ttt ectteooceosessonsoosssassanss 267
APPENDIX A. INSTRUCTIONS FOR SUBJECTS. ... cvteeenn. 273

iii



LIST OF TABLES

TABLE PAGE
1. Experimental Design . . . . . ¢« ¢« ¢« + ¢« + o . 33
2. Highest Level Action Mechanisms . . . . . . . 168
3. Friendly Craft Action Mechanisms . . . . . . . 170
4 Scout Action Mechanisms . . . . . . . . « « . 176
5. Physical Action Mechanisms . . . . . . . . . . 180
6. Search Perceptual Mechanisms . . . . . . . . . qu
7. Object Perceptual Mechanisms . . . . . . . . . 196
8. Summary of Parameter Values . . . . . . . . . 204

iv



FIGURE
1.
2.
3.

5.

7.

lo.
11.
12.
13.
14.
15,

16.
17.

LIST OF FIGURES

Experimental interxface . . . . . . . . . .
Crev performance showing outllers . . . .

Crev comparisons of points and enemy
craft destroyed . . . . . . . . ¢ . e o .

Crev comparisons of cargo processing
and friendly craft destroyed . . . . . . .

Crev comparisons of cargo diséovery . e
Crew comparlsons of cargo processing . . .

Crev comparisons of craft idleness, time
above trees, and information requests . .

Crev comparison of searching effectiveness

The organization of perceptual, selection,
and actlion mechanisms . . . e e e e e

Search paths for crews E and 2 . .
Affordance maps for wozld 1 .. ..
Affordance maps for world 2

Affordance maps for world 3

Affordance maps for world 4 . . . . . . .

Example world situation and affordance
value distributions . . . . . « ¢« ¢« « .« .

Action mechansisms . . . . . + .« « .« +

Crev and model comparisons of points and
total number of enemy craft destroyed . .

PAGE
23
37

39

a1
43
45

47
49

93
101
103
104
105
106

130
136

220



18.

19.

20.

21.

22,

23.

24.

25'
26.

27.

Crewv and model comparisons of enemy
destroyed by scout and friendly craft

Crev and model comparisons of cargo unloaded
‘and percent of discovered cargo unloaded .

Crew and model comparisons of cargo
unloaded by scout and friendly craft .

Crev and model comparisons of friendly
craft destroyed and cargo discovered .

Crev and model comparisons of cargo
discovered by scout and friendly craft

Crev and model comparisons of duration
between loading and unloading cargo and
the number of times craft sent home .

Crev and model comparisons of the number of
cargo unloaded per trip home for the scout

and friendly craft e o s e e e w s e

Crew and model comparisons of idleness

Crev and model comparisons of time spent

above trees and total world searched

Crew and model comparisons of world
searched by scout and friendly craft

vi

.

.

222

223
226
2217

229
230

234
235

240

241



CHAPTER I

INTRODUCTION

Problem Statement

This work 1is an attempt to describe the perxceptual,
cognitive, and action processes that account for highly
skilled human performance in complex task environments. 1In
order to study such performance in a controlled setting, a
laboratory task vwas constructed and three experiments vere
performed using human subjects. Then, a general fralevozk_
vas developed for describing the_organization of perceptual,
cognitive, and action processes. This framework is intended
to apply not only to the laboratory task but to a hopefully
much wider range of task environments.

The laboratory task wvas a simulation that required
human crews to perform manual and supervisory control of a
fleet of vehicles. The term "supervisory control" stems
fron the analogy between a supervisor of a subordinate staff
in an organization of people and the human controller of a
modern, computer-based, seal-automatic control system
(Sheridan, 1987). In such systems, the human operator is
typically described as performing many knowledge intensive

functions such as prediction, planning, and decision-making.
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At a alnimum, the operator is responsible for directing the
activity of the automated systems, monitoring the status of
the controlled process, and 1intervening 1Iin the case of
unexpected environmental disturbances or equipment mal-
functions. Examples of such systenms include semi-automated
manufacturing systems, air traffic control systems, and
large electricity generation plants.
While the 1laboratory task used here wvas quite complex,
especially wvhen contrasted with most other experimental

tasks, it vas of course far simpler than the example control

systems mentioned above. One major dissimilarity betveep
the simulated task and actual supervisory control tasks vas
that the former did not require crews to detect, dliagnose,
and repalr failed system components. As a result, the human
cognitive processes involved in dealing with novel or rare
events were not studied in this research. On the other
hand, the laboratory task did preserve many other properties
of actual complex control tasks. Perhaps most important
vere those requiring crews to decompose the overall task
goal into a set of subgoals, to constrain and coordinate the
many degrees of freedom avallable £for system control, to
rapidly process a large set of graphically displayed
information, and to cope with simultaneous task demands.
What made the study of human behavior in the laboratory
task particularly chalienglng from a modeling perspective

wvas the breadth of Iissues that had to be considered to
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provide a comprehensive description of the psychological
processes underlying skilled performance. Much psych-
ological research has relied upon decompositions of phe-
nomena Into discrete categories, such as perception,
cognition, and motor control. There 1is little doubt that
this has been a productive research strategy, at least from
a methodological perspective. But from a theoretical
perspective, the possibility exists that decomposing
psychological processing {into these discrete problem areas
may be counterproductive. As Pylyshyn (1982) has noted,

{Tlhis is not to imply that we cannot study problems

in these areas, but rather to suggest that categor-

izing them in such terms may not reveal (indeed,

may cover up) the vay in which they individually

and collectively contribute to producing intelligent

behavior. (p. 70)

As Pylyshyn's comment suggests, 1t sometimes appears as if
too little attention iIs paid to the task of theorizing how
the collection of these distinct psychological modules are
interfaced and coordinated to yield goal directed behavior
in complex, dynamic environments.

In this research, though, the issues of system-level
organization and coordination among these modules occupied
center stage. Two factors prompted thls research focus.
The first concerned the need to allow for the theoretical
possibility that skilled béhavloz in the laboratory task vas

due as much to efficiencies arising from the organization of

psychological processes as it wvas due to the presence of
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individually efficient processes. In other words, it could
be possible that much of what accounts for high level skill
might involve the vay in wvhich the information processing
demands of a complex task ére effectively decomposed into
separate tasks for the perceptual, cognitive, and motor
systeas. Given that each of these systems might have its
own "preferred” mode of information processing, it would
appear at least possible that skill development aight
involve obtaining an efficient division of labor among these
systems so that each system performs operations suitable to
its preferred processing style. To at least allowv for this
possibility, it vas imperative that issues of organization
and coordination among these systems be given primary
consideration.

The second reason that organizational issues vere
emphasized in this research coqcerns the methodological
difficulties associated with the unobservability of psych-
ological processes. Independent of the validity of the
skill development hypothesis stated above, it 1is still
mandatory that distinct functional roles for the perceptual,
cognitive, and motor systems be identified for the purpose
of psychological modeling. This problem is particularly
acute with respect to cognitive processes, because neither
the input nor output interfaces are anchored in observable
phenomena. While the inputs to the perceptual processes and

the outputs of the motor processes are typically available
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for empirical measurement, neither interface of the cog-
nitive systeama 1is amenable to such study. No matter how
tasks are constructed in an attempt to observe the behavior
of cognitive processes, ve £find ve are once again only
directly obéervlnq the behavior of motor processes, wvhether
they be arm movements or the production of speech. Similar
problems are associated with trying to clearly identify the
inputs to cognitive processes wvhen only the inputs to
perceptual processes can be observed.

These comments are not intended to be construed as a
neo-behavioristic arqument against the utility of postulat;
ing cognitive processes. Rather, all that is suggested is
that it may be dangerous to make naive assumptions about the
nature of the information that 1s contended to serve as the
inputs and outputs of cognitive processes. The danger is
due of course to the fact that if the assumaptions concerning
the 1input and output 1languages are false, there is no
possible wvay for the characterization of cognitive process-
ing to be correct. In addition, representational assump-
tions concerning cognitive processes also constrain theories
of perception and action, since nodels‘ of these processes
then become obligated to communicate with cognitive process-
es in a certain format.

Perhaps, then, the gzeategt potential contribution of
this research is the development of an overall framework for

describing how perceptual, cognitive, and action systenms
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might be organized and integrated to produce highly skilled
performance in complex task environments. Unfortunately,
the global nature of this zegearch is also likely to be its
greatest potential source of criticism. This point is wvell
taken, since very fewv questions concerning the independent
and detailed activity of perceptual, cognitive, or action
mechanisas have been addressed vith much depth. on the
other hand, the wvork does address a set of novel issues that
would appear to surface only vwvhen this discrete set of
psychological mechanisms s vieved as an integrated vhole
operating vithin the context of complex human action. The
modeling framework developed in this wvork is concerneé
primarily with these system level issues concerning the

global organization of psychological processes.

Methodological Issues
In this work, the modeling framevork played the role of

a psychological theory for which a generative process model
vas developed and applied to describing the psychological
processes of human crevs performing the laboratory task. A
generative model is one vwvhich uses simllar information
(inputs) and controls (outputs) to those used by human
subjects to perform a task. A generative model typically
produces a stream of behavior which can be compared to human
behavior to assess the validity of the model. For example,

a regression model that only indicates the statistical
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relations betveen task parameters and summary human perform-
ance measures vould not be generative. A Dprocess model is
one that is contended to describe, at some level, the actual
time course of human information processing that occurs
during task performance.

Process models, 1like the one constructed in this wvork,
typically postulate the existence of directly unobservable
psychological mechanisms and p:oc;sses. ¥Within cognitive
psychology, this approach to describing behavior has its
origins at least as early as the vork of Miller, Galanter,
and Pribram (1960). ¥ith their TOTE unit wmechanisa for
describing plans, they were among the first researchers to
break with behavioristic tradition and employ theoretical
constructs tﬁat mediated betveen stimulus and response.
¥ith the adoption of the "information processing” metaphor
(Neisser, 1967), cognitive psychologists began to postulate
theoretical constructs of increasing conplexlty to account
for behavior that did not appear to be easily described
vithin the language of behaviorism.

Although these information processing models appeared
to offer the theoretical resources to describe a wider range
of behavior than could the behavioristic models, some have
faulted this type of theorizing for its vagueness. Por
example, Nelsser (1976) criticized the proliferation of i11-
defined "boxes” and "arrows" vithin many of these models.

He pointed out that models constructed by simply decomposing
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an (information processing task into a set of presumably
sinpleg processors (boxes) connected by paths (arrows) of
information flov left many critical questions unansvered.
Little consideration wvas giVen to the mechanisas by vhich
the processors operated or to speclfying the exact nature of
the information that vas assumed to flov between thea.

An explicit focus on mechanism, on the other hand, has
been one of the major concerns of researchers operating
vithin the "symbol manipulation” metaphor (Newell and Simon,
1972). Vhile Newell and Simon vere far from being the only
researchers concerned vith being explicit about lechanisnsg
they wvere among the first to make this concern an active
constraint on their theories and models of cognition. By
their adhérence to the constraint that psychological models
should be 1implemented as computer simulations to ensure
completeness and explicitness, these researchers were highly
influential in lessening the scientific acceptability of
vaguely stated models of the type criticized by Neisser.

Nevell and Simon's research has had a large impact on
psychological methodology in other vays as wvell. Nevell
(1973) has made the observation that the purely "bottom-up”
or data-driven approach in psychology has, as of yet, mainly
produced a discrete set of 1laboratory curiosities. of
questionable significance. He then forcefully argues that a
“top-down”, or theory-driven approach offers the best hope

for advancing the fleld. Although actual scientific
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progress would seem to rely upon a rich interplay betwveen
these ;two approaches, Newvell appears to have been in-
fluential in at least tilting the balance towvard a top-down
approach to cognitive psychology research. Of course, it is
still too early to tell with certainty whether or not this
strategy vwill be sclientifically revarding. Oon the other
hand, a top-dowvn strateqy appears to be almost a method-
ological necessity for structuring the approach ¢to invest-
igating rich behavioral situations such as the one studied
in this research.

This is not to say, of course, that by using a top-dovg
methodology in this research the scientific obligation td
empirical adequacy is ignored. Rather, one of the primary
reasons for using generative models is to provide a method
for indirectly measuring the properties of the theorized
psychological mechanisas. Such measurements are performed
by using the model to assess the degree to which hypotheses
about the wmechanisas' properties are 1in agreement vith
observable behavior. Specifically, the behavior of the
model parameterized in accordance with a set of hypotheses
is compared@ to human behavior. If the parameterized model
produces behavior in agreement vwith human behavior, the
sufficliency of the set of psychological hypotheses is
established.

The sufficiency demonstration in this vork vas per-

formed by implementing the model as a computer program that
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vas capable of performing the task at the performance level
of the most highly skilled human crewvs. By a process of
parameter manipulation, the model was then used to attempt
to mimic the behavior of fhree human crevs. A set of
performance measures vere constructed to provide detailed
comparisons between model and crewv performance. The model
vas able to generate behavior in approximate agreement vith
each of the three crews. 1In addition, the model constructs
provided for a reasonably concise description of inter-crev
differences.

Glven that the computer program wvas able to achlevg
approximate behavioral validity, an important question
becomes determining vhat psychological significance should
be attached to this sufficiency demonstration. One aspect
of this question concerns the breadth of the bosslble
psychological implications, and its ansver lies in properly
identifying those aspects of the modeling framewvork that are
task-independent. For this reason, the framevork |is
presented in a task-independent fashion before it is applied
to describing performance in the laboratory task.

A second component of the gquestion of significance
concerns the appropriate psychological interpretation of the
behavior of the computer program. To ansver th1§ question,
it is critical that the distinction between the psych-
ological theoxry and its model as a computer program be kept

clear. This distinction must be maintained so that con-
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fusions vill not occur regarding the intended relationship
between the operation of the computer program and the
operation of psychological processes.

The psychological theory wvhich is developed in this
vork is a set of statements or assumptions about the nature
of possible psychological processes operative during human
performance in the laboratory task. Under the standard
model theoretic definition, a model of a theory 1is a
structure in vhich the statements of the theory can be
interpreted as true. The computer program is one such
model, for it has been designed to operate in agreement vith
the collection of stateneﬁts comprising the theory:
Computer programs expressed in different languages and other
adequately chosen structures may also serve as models of the
same theory. The reason (it 1is {important to keep the
distinction betwveen the psychological theory and the
computer program clear is that there exist an additional
collection of statements that are true of the prograam but
are independent of the theory. These statements concern
implementation details vwvhich are specific to the choice of
the model for the theory, but are not a part of the theory
itself. It 1s crucial that these implementation detalils
should not be erroneously construed as making claims about
psychological processes.

While the distinction between the substantive claias of

the theory and the details of computer implementation is
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clear enough in principle, it can be quite Aifficult to make
this dgstinction in practice. The design of the computer
model is a product of both the top-dowvn constraints imposed
by the psychological theozy‘ and the bottom-up constraints
imposed by the structure of the computer hardvazg and
softvare. It can be quite difficult to determine vhether a
particular section of computer code should be interpreted
literally as simulating the operation of a hypothesized
psychological mechanism, or on the other hand, vhether that
code should be construed as a somevhat arbitrary implement-
ation that only preserves the gross functional (lnput;
output) chazactezistics of a psychological mechanism.

In order to reduce the possibility of such confusions,
the modeling components of this research are presented in an
incremental fashion. The presentation begins vith a
discussion of the general modeling framework, followved by an
application of this framewvork to modeling performance in the
laboratory task, and ending vith an explicit description of
the operation of the task-specific mechanisas that |is
Closely tied to the computer implementation of the model.
This decomposition of the work and other issues related to
presentation are described in the last section in this

chapter.
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Overviev of Results

Ag mentioned above, the computer model constructed in
this research vas able to perfora the laboratory task at the
level of the most highly skilled human crevs. In addition,
by manipulating model par#neters to mimic the behavior of
three different crevs, the model could be used to provide a
reasonably concise description of inter-crev differences.
The computer model vas an implementation of a psychological
framevork developed to describe hov a complex information
processing task might be decomposed into separate tasks for
the perceptual, cognitive, and action systeamas. Although th?
modeling exercise will be discussed in detail 1in later
chapters, sone_mot_the more linteresting results of this vork
vill be discussed here.

One class of results concerns the psychological
assumptions that vere made concerning the decomposition of
the information processing task 1into functions for the
perceptual, cognitive, and action systenms. Since these
assumptions vere shown to be sufficient for the generation
of skilled behavior, they should at this point be considered
candidate descriptions of the nmechanisms underlying complex
control skills. Due to the problemas of unobservablility
discussed above, the assumptions vere generated in a data-
driven fashion vhere possible. 8Since at least the displayed
information and observable control activity could be

identified, the approach that vas used to ldentify distinct
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functional roles for the perceptual, cognitive, and action
systems vas to vork from the "outside-in".

Working in from the action side, the issues that vere
addressed concerned hypothéslzing how the development of
highly structured action mechanisms could possibly simplify
the functional role of the cognitive systea by constraining
and defining its effective outputs. Working in from
perception, consideration wvas given to the problem of
understanding howv the development of highly structured

perceptual mechanisas might simplify the role of the cog-
nitive system by constraining and defining its effective

inputs. Only after these task-specific perceptual and
acthq_»qechanlsns vere defined could questions concerning
cognitive system be addressed.

By approaching the problem in this fashion, the viev of
psychological processes 1in skilled performance that emerged
in this research vas one of heavy reliance upon highly
structured, task-specific perceptual and action systems.
The high degree of complexity present in these peripheral
systems vas described as alloving for much of the burden for
the production of complex behavior to be removed from the
central, or cognitive systeam. The role played by the
perceptual systeas 1In this regard vas suggested to derive
from thelr abllity to abstract information from the dis-
played environment that wvas highly relevant to the task of

action selection.
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Specifically, the perceptual systems vere described

vithin the framevork of ecological perception as mechanisas
devoted to the detection of action-oriented information, or
*affordances" (Gibson, 1966). Assuming a sensitivity to
affordances allowed for assumptions to be made concerning
hov perceptual systems nmnight categorize and differentiate
the displayed environment along dimensions that wvere
efficient for the task of action selection. With affordance
derived categorization, efficiencies resulted from the fact
that many apparently distinct environmental situations could
be treated in an ldentical wvay by the cognitive systel;
with affordance derived differentiation, efficiencies
resulted from the fact that many apparently similar envttqn-
mental situations could be beneficlally treated as distinct
by the cognitive systen. |
Anothexr type of efficiency that vas found to derive
from action-oriented perception wvas that the distinction
betwveen supposedly distinct types of cognitive tasks could
be collapsed. This alloved for the assumption of a single
cognitive mechanism to perform a major component of all
action selection tasks, independently of wvhether these tasks
wvould traditionally be described as involving decision-
making, coordination, or planning. All three of these types
of tasks shared a single cognitive mechanism, the operation
of wvhich vas quite simple. Namely, this mechanisa vas

assumed to select the action vith the highest affordance
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value, subject to a single constraint that resolved com-
petition betveen proposed actions.

¥Whether behavior typically described as involving
decision-making, coo:dlnatioﬁ, or planning vas generated by
this mechanism vas determined by the affordance information
upon wvhich the aechanisa operated. Decision-making vas
produced by alloving the cognitive mechanism to operate upon
the current action affordances for each of the independent
craft under crev control. Coordination among the craft vas

produced by applying the same cognitive mechanisa to a

different set of affordances. These affordances vere based
on a perceptual sensitivity to higher-order relations among
the multiple craft. These relations lndlcated-oppOttunltles
for potential beneficial cooperation among the craft. 1In
this wvay, the distinction betwveen decision-making §nd
coordination could be assumed to be primarily perceptual,
rather than cognitive in nature.

For planning the future activities of the craft, once
again the same cognitive mechanisam vas used. For planning,
though, the cognitive mechanisa vas assumed to operate upon
the affordances that wvere predicted to exist in the environ-
ment at a future time. Thus, the planning process wvas more
complex than the decision-making and coordination processes
since an ability to predict future environmental states had
to be assumed. On the other hand, the planning process vas

still quite efficient since it used - the same cognitive and
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perceptual mechanisms as vere used for the decision-making
and cogtdination tasks. Additional be:ceptual mechanisas
vere not required for planning because the original set of
perceptual mechanisas vere assumed to be able to operate
upon the predicted, internally imaged environmental state.

Although this discussion has focused on the important
role that vas assumed to be played by perceptual systeams,
the modeling framevork wvas also based on the assumption that
highly structured action systems wmake a significant con-
tribution to the production of skilled behavior. The action
systems vere assumed to operate as a hierarchically strucf
tured control system. This arrangement of action -echanlsn;
vas assumed to be responsible for the generation of routin-
ized control activity. In such systems, the lover-level
mechanisms possess a degree of control autonomy so that auch
of the buxden for the production of complex behavior can be
relieved from the higher-level mechanisas. In this wvay, the
assumption of highly structured action systems helps to
allov for the assumption of relatively simple cognitive
processing mechanisas.

This brief overview of the modeling results has left
out many of the interesting empirical £findings coﬁcernlng
crev performance and inter-crev dlfferences. It is hoped,
though, that this discussion has provided enough of an
introduction to the work to encourage the reader to explore

both the theoretical and empirical issues in greater detail.
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Document a atio
Folloving a description of the laboratory task and

experiments in Chapter II, a performance characterization of
each of the human crevs va:e developed in Chapter I11I.
Readers primarily Iinterested in the empirical aspects of
human performance in the laboratory task may then skip to
the discussion of the conclusions of the modeling results in
Chapter VI. This discussion provides an interpretation and
explanation of the individual differences in human perform-
ance that wvere observed in the experiments.

Chapter IV discusses the general theoretical Ezancvot§
that vas developed for describing the possible oxganization
of perceptual, cognitive, and action mechanisms accounting
for skilled performance. This framevork is independent of
the specifics of the laboratory task and is Iintended to
apply to a wide range of task environments. Results from
the literature are revieved here to motivate the present
approach. Readers, though, vho are primarily interested in
the design and operation of the task-specific model may
choose to omit this chapter and move to Chapter V vhere the
task-specific constructs are discussed. A familiarity with
the issues raised in Chapter IV is not crucial to under-
standing the design of the task-specific model, although
readers vho £ind the model's design to be arbitrary or
unconventional may find a discussion of these issues to be

beneficlal.
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The most specific description of the model is given in
Chapter VI. Here, the model parameters are 1identiflied and
the wvay 1in wvhich they vere wanipulated for describing
individual human crevs is discussed. This chapter describes
the equations and logically based routines that vere used to
implement the model as a computer prograas. This level of
description adds no meaningful psychological content to the
modeling approach. Rather, these equations and routines are
relevant only 1in that .they allov for the computer-based
implementation of the hypothesized psychological constructs.
The psychological wmeaning of the equations and routines lg
restricted to vhat they inherit by virtue of their £unction;
al role as somevhat arbitrary implementations of these
meaningful constructs. For this reason, this chapter may be
bypassed by readers vhose primary interest is in the novel
psychological contributions of this wvork.

The results of the nmodeling effort are discussed in
Chapter VII. In this chapter, the behavior of each of the
three human crevs s Iinterpreted in terms of the model
constructs. Finally, research conclusions are presented in
Chapter VIII. These conclusions include observations
concerning the psychological relevance of this vork and
concludes vith a discussion of hov this wvork might be
extended to provide a wmore comprehensive framevork for
describing the operation of human perceptual, cognitive, and

action mechanisas engaged in skilled performance.



CHAPTER 1II
TASK AND EXPERIMENTS

Introduction

In this chapter, the simulated supervisory control task
and the three experiments that vere performed using humsan
subjects vill be described. Perhaps a word of caution is
necessary concerning use of the term "experiment®™ in this
vork. As will be clearly seen in the modeling components og
this wvork, this research does not follov the traditional
pattern of hypothesis formulation and subsequent testing via
experiment that 1is comamonplace in experimental pstholoqy.
Although a few independent variables vere ldentified and
systélatically manipulated (crev size, e.g.), the exper-
iments must be seen as both a source of hypotheses as vell
as providing a means for assessing their validity. What
makes this a defensible methodology is the distance betwveen
the level of description at vwvhich the empirical data are
avallable and the level at vhich the psychological theories,
mechanisas, and hypothesis are described. The empirical
data exist in terms button pushes, key presses, and joystick
manipulations. The psychological theories and models used

to describe this behavior 1include constructs such as

20
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planning hoxrizon, environmental. affordance, and other
directly unobservable entities. The distance betveen these
tvo levels of description makes the task of inventing
suitable high-level constructs, mechanisas, and methods for
measurement of their properties a necessary prerequisite to
formulating and testing hypotheses 1in terms of these
consttuctg.

There is still some danger vhen using such a strategy
of coming up vith psychological mechanisas that are pro-
foundly ad hoc, 1diosyncratic, and at best, good for
understanding human behavior only In the task from vhich
their existence vas induced. Tvo 1lines of defense are
offered against this potential criticisam. First, the
bsychological theorizing wvas strongly constrained by an
array of othexr enmpirical data~conceznlnq human cognition.
This fact makes it more likely that the constructs used here
may have a wvider domain of applicabllity than for modeling
this task alone. A second defense against this criticisa is
to accept the task-specific nature of the model, but deny
that this is really such a bad result. Perhaps a detalled
account of human behavior in even this one complex task can
provide insights that could not be gained from accounts with
much greater range but possibly less detail. It is also the
case that a clear and empirically grounded distinction
betveen task-dependent and task-independent cognitive

mechanisas and processes does not yet exist. Therefore, an
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a priori criticism of strongly task-dependent modeling may
be prglature and may be subsequently found to be the
somevhat harmful result of a najive search for simple,
general purpose mechanisas, vhere highly task-dependent and
idiosyncratic cognitive processes may be the rule (Claxton,

19688; Allport, 1980).

Task Description

The empirical portion of this research 1is based on a

laboratory simulation of a supervisory control task. The

interface could be configured for either one- or tvo-persoy
crev experiments. The vork station for the one-person crew
configuration is showvn {in PFigure 1. The tvo-person con-
figuration is similar although a subject is seated in front
of each of the tvo large displays, and tvo button panels are
used. The tésk required subjects to earn points by guiding
five "friendly" craft through a forested 100 square mile
"world® in search of "enemy" craft to be destroyed and cargo
vhich were to be 1loaded and taken to home base to be
unloaded. Points vere avarded for destroying enemy craft
and unloading cargo at home base. Points wvere deducted fox
the destruction of friendly craft (due to attack froa enemy
craft or by collision) and by having friendly craft run out
of fuel. Bach session lasted thirty minutes although it
could be prematurely terminated 1f the =main friendly craft,

called the scout, wvas destroyed by an enemy craft or by
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colliding with another friendly craft or vith a tree.

Tye interface vas intended to represent the cockpit of
the scout craft occupied by the subjects. Subjects had
manual control over the .scout via joystickq and push-
buttons. ° A three-dimensional rate control joystick alloved
for lateral, longitudinal, and yav control of the scout.
The manual control task wvas simplified by excluding pitch
and roll from the simulated helicopter dynamics. In

"addition, the dynamics that wvere used resulted in inherent

stability for the scout. Therefore, vhen subjects diverted
attention from the manual control task the scout coasted t?
a rest at fixed altitude. A one-dimensional rate control
Joystick wvas used for altitude control of the scout.
Subjects could also choose to use automatic controls for
these purposes. Tvo buttons could be used to automatically
transition the scout to a fixed high or 1lowv altitude (above
or belov tree level) in lieu of the manual altitude control.
An autopilot vith a tree avoidance mechanisa could be used
instead of the manual control joystick, although autopilot
control only operated at 75% p@maximum ground speed with
double normal fuel consumption.

In addition to the scout craft in wvhich the crewv
resides, subjects also had control of four additional semi-
automated friendly craft. These craft vere functionally
similar to the scout craft although they could not be

manually controlled. Instead, subjects wvere required to
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construct lists of action commands for the friendly craft on
a text editor specifically designed for the simulation. A
cursor on the map display (a top-dovn display of the entire
100 square mile vorld) could be used to send the friendly
craft to specified locations in the vorld and to enter scout
autopilot vaypoints. The friendly craft actions vhich vere
used to construct action strings include: "G" - goto
vaypoint specified by the map cursor location; "A" - attack
an enemy craft wvith a alssile; "L - 1load cargo; "U"-
unload cargo and replenish fuel and missiles at home base;
"P" - patrol in a circular pattern; """ - rise above tree
level; "v® - descend below tree level. 8ubjects céula
construct strings of these actions prior to the time at
vhich their execution vas desired. This featgte vas
included in an attempt to make some components of planning
behavior directly observable. These command strings could
be modified in real time by a series of push-buttons that
alloved subjects to abort current strings, enable nev
strings, interrupt active strings, and skip single actions
vithin active strings.

Tvelve cargo and elghteen enemy craft wvere distributed
throughout the wvorld and wvere not shovn on the map display
until they vere sighted by sensors centered at the scout and
each of the four friendly craft. The density of cargo in
the 1lightly forested regions wvas approximately twvice the

cargo density in the open and heavily forested regions.
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Actual cargo locations wvere deterained by generxating
locations vwith a pseudo-random number generator according to
the forest density consttalnts.

The sensors used by the five craft to sight cargo and
enemy craft will be informally referred to as "radar",
although explicit radar properties vere not simulated. The
radar had a range of 1.5 miles vhile the scout wvas above
tree level, and a range of 0.4 miles for the scout belowv
tree level and for the friendly craft at all altitudes. The
eighteen enemy craft consisted of six enemy helicopters that
moved at the same speed as the friendly craft, six tanks
that moved slightly slover than the friendly craft, and six
stationary emplacements. The 1locations of the statlionary
emplacements vere generated vith the same method used to
place the twvelve cargo. The initial locations of the mobile
enemy craft vere random, and the enemy craft motions vere
determined vith a semi-random wvalk algoritha. The motions
vere only semi-random in that each one of the six tanks and
each of the six helicopters vere constrained to occupy one
of six rectangular sectors into vhich the vorld vas divided.
This feature kept the mobile enemy craft dispersed vithin
the vorild. An enemy craft could only exit its designated
sactor if it vas attacking a friendly cratt.

The primary task involved searching the wvorld vith
radar to discover and process the tvelve cargo and eighteen

eneay craft. A major cb-ponent of the task involved
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management of the scout and friendly craft resources. All
five craft began the mission vith a full tank of fuel and
five ;1391193 that could be used to attack enemy craft.
Fuel consumption rates vere designed so that each craft vas
required to return to home base to refuel at least once at
some point in the middle thirxd of the naission. Bach enemy
attack episode typically used betwveen one and three amis-
siles. An unarmed friendly craft that engaged an eneay
craft from vhich it could not escape (an eneay helicopter)
vas destroyed. The scout helicopter and friendly heli-
copters could not escape from enemy helicopters because all
the helicopters traveled at the same maximum speed. rh;
scout and' friendly craft could, though, escape from eneay
tanks as the tanks traveled at 75% of fﬂghiakinul speed of
the helicopters.

Priendly craft could be resupplied with missiles at any
time by returning to home base. The number of cargo that
could be carried by a friendly craft at any one time vas
constrained and thus represented another complication for
resource management. Although this number depended on the
(random) wveight of the loaded cargo, the maximum number of
cargo that could typically be carried wvas three. The
problem of achieving an efficient utilization of craft
resources required behavior that would typically be de-

scribed as requiring extensive planning and anticipation.



28

Subjects used two dynamic, color, computer-generated
lnfo:-gtion displays to perform the task. The map display,
the center display in Pigure 1, shoved irregularly shaped
regions of open ground, light forest, and heavy forest in
different colors (browvn, 1light green, and dark green,
respectively). Home base vas displayed as a vhite circle,
and the positions of the scout and four friendly craft vere
displayed as small, numbered, blue circles. Any enemy craft
and cargo that had been discovered vere also displayed as
small color coded circles. The positions of moving objects
vere updated once per second. :
A second display, the rightmost display in Pigure 1,

vas divided into three distinc;hgrgas. The bottom portion of
this display shoved a dynamic inside-out viev of the terrain
through vhich the scout wvas traveling. W¥hen the scout vas
in an open region, zero to three trees vere typically vithin
the 2000-foot scout vieving range and appeared on the
inside-out display. When the scout vas i{n heavy forest,
eight to thirty trees appeared, and the resulting tree
avoidance task vas considerably more difficult. The middle
portion of this display 1indicated resource information,
varning messages (for fuel, lock-on by enemy radar, e.qg.),
mission time remaining, the state of scodt control modes
(manual vs. automatic), and points earned. Resource
information for the scout (fuel, altitude, number of

missiles remaining, veight capacity remaining) was the
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default information shovn in the resource area, although
corresponding information for each of the four friendly
craft vas available on a call-up basis. The top portion of
this display indicated the lists of commands that had been
assigned to each of the friendly craft.

In the tvo-person crev condition, one subject, called
the navigator, vas primarily responsible for the control of
the four friendly craft via the text editor and push-
buttons. The other subject, called the pilot, vas primarily
respongible for the control of the scout craft via manual
control joysticks. The pllot vas provided vith a‘duplicatg
set of push-buttons to aid the navigator in the control of
the friendly craft although such activity wvas rarely
observed in the experiments described belov.

In the one-person condition, the subject vas required
to time-share between the task demands of friendly craft
control via the text editor and control of the scout.
Autopilot control of the scout vas avallable to relieve the
subject from the demands of manual scout control but at the

cost of the significant resource penalties mentioned above.

Bxperiments

Three experiments vere performed by three different
experimenters. The first tvo experiments (Plamondon, 1985;
Lytton, 1987) vere identical except for the manipulation of

crev size. Bach of these experiments used five subjects (or
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tvo-person teams) for twventy sessions.: Four different
forest configurations and four different placements of the
cargo and enemy craft vere used so that subjects wvould not
be able to remember the locations of these objects from
session to session. Tvo different point payoff structures
vere used to vary vhether cargo loading and unloading or
enemy craft destruction vas emphasized each namission. The
maximum points attainable for each mission, though, vas held
constant across payoff structure. Details of these exper-
iments and a descriptive characterization of performance
differences due to crev size can be found 1in Lytton (1987)
and Miller, Jagacinski, Plamondon, Lytton, and Kirlik
(1987). The task (instructions given to subjects are
provided in Appendix A. _

One major result of the tvo initial experiments vas
that very large performance differences vere observed
betwveen crevs within the same crev size groups. Although
the mean performance of the five one-person crevs wvas about
one third the mean tvo-person crev performance (758 vs. 2514
points), one of the one-person crews vas able to score
higher than the mean tvo person score. Due to these strong
individuval differences, the modeling approach used here
attempts to describe behavior at the level of the individual
subject, since aggregating data over multiple subjects could
lead to misleading or meaningless information. Specifical-

ly, the data from these experiments that vwill be modeled are
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the highest scoring tvo-person crev and the highest scoring
one-person crev. The highest scoring one-person crev will
be referred to as Crev 1. The highest scoring tvo-person
crev vill be referred to as Crev 2.

Another implication of these strong {individual dif-
ferences for modeling skilled performance is that tventy
sessions may not have been enough experience to allov all
subjects to reach an asymptotic performance level. 1In order
to better understand the nature of skilled one-person crew
performance, an additional experiment vas performed by the
present author using three subjects for a larger number o;
sessions. One of these subjects (the present author) vas
highly skilled at the task and served as an "“expert® subject
and as a trainer for the other tvo subjects. This subject
vill be referred to as Crev B.

The only data from this last experiment considered here
is the pexrformance of the expert subject. As one goal of
this experiment wvas to develop and define a consensual
expert strategy for performing the task, the expert subject
played the role of an on-line advisor to the tvo trainees
for most of the duration of the experiment. At the end of
the expexriment, eight one-person crev sessions vere per-
formed by each of the trainees vith limited interaction vith
the expert advisor. Although no explicit advice wvas given
by the expert in these last eight sessions, verbal trans-

criptions indicated some interaction betwveen the trainees
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and the expert so this data vas excluded from analysis.

To summarize, empirical data for three crevs vas chosen
for use in the modeling exercise discussed belov: the best
one-person and best tvo-berson crevs from the first twvo
experiments, and the expert subject from the last exper-
iment. The final eight sessions for each crev vere used.
These eiqhtlaesslons comprise two sessions each on four
different vorld configurations (forest 1location and object
placement). One of the twvo sessions vith each vorld
confliguration vas performed vith the point structure payoff
favoring loading and unloading cargo, vhile the othe:t
session vas performed vith the point payoff structure
favoring attacking enemy craft. The entire experimental

design is summarized in Table 1 on the folloving page.
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TABLE 1
EXPERIMENTAL DESIGN

Design for Crews 1 and 2

S8ession World Configuration Payoff Bmphasis
b | world 1 Bnemy Craft
2 Woxld 4 Cargo
3 World 1 Cargo
4 World 4 Eneany Craft
5 woild 2 Bneay Craft
6 world 3 Cargo
7 World 2 Caxgo
8 World 3 Bnemy Craft

Design for Crev B

Session World Configuration Payoff l—phasls
1 World 2 Enemy Craft
2 vorld 3 cargo
3 world 2 Cargo
4 Woxld 3 Eneny Craft
] World 1 Eneay Craft
6 Worlad 4 Cargo
7 World 1 Cargo
8 world 4 Enemy Craft

Note: Sessions 1-8 are the f£inal 8 sessions for all subjects

Payoff Structures

Points Avarded vith Emphasis on:

Bvent Carxgo Enemy Craft
Cargo Unloaded at Home 400 100
Bnemy Helicopter Destroyed 100 400
Enemy Tank Destroyed 60 240
Bnemny Emplacement Destroyed 40 160
Priendly Craft Destroyed -400 -400
Priendly out of Fuel -100 -100

Maximum Possible Score 6000 6000



CHAPTER 111
CREW PERFORMANCE PROFILES

intzoduction

In this chapter, performance profiles of each of the
three crevs vill be developed. The goal 1is to explore any
performance differences betveen crews- - that should be

captured by a generative descriptive model. Pirst, a set of

performance measures is described that wvere developed to aig
in identifying strategic and competency related differences
betveen the three crevs. Next, the performance profiles of
the three crewvs based on these measures are compared.
FPinally, inferences based on these profiles are made that
suggest differences betveen crevs in terms of the dimensions
along vhich they have decomposed the task into subtasks, and
the vays in vhich they have created and priloritized task
subgoals. These inferences serve the role of hypotheses
that vill be subsequently evaluated in the modeling exercise
vhich is discussed in the folloving chapters.

Pexfo nec asures
Though it provides a general summary of proficiency, a

scalar performance measure such as points scored is £far too

34
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coarsely grained to provide wmeaningful diagnostic infor-
-ationiln a task of the complexity studied in this research.
Bven in a relatively simple task such as single axis
tracking, there are many distinct time hlstozlos'the subject
may produce and yet achieve the same scalar measure (e.g.
rms error) of performance. This is especially true of sub-
optimal performance, since optimal performance usually
constrains the number of alternative strategies that can
result in the theoretically msaximum performance score. In
the case of sub-optimal potiotlancé, the degrees of freedom
avallable to the operator to control the systeam can usually
be coordinated in numerous vays to achieve the same result.

This phenomenon may be summarized by noting that a
given measure, in addition to providing a metric of perfora-
ance, defines an equivalence class of behaviors that lead to
each level of performance defined by that measure. Con-
strued in this vay, the task of dev@loplnq measures that are
sujitably diagnostic is one and the same as determining those
behavioral differences that are meaningful and those that
are not, given the purposes of analysis. Meaningful
behavioral differences for the purposes of generative
modeling include those that are indicative of differences in
the vay crews have decomposed the task into subtasks and
created and prioritized subgoals. Of particular interest is
hov the overall task demands vere decomposed into separate

demands for scout and friendly craft activity.
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The performance measures have been designed to be

sensitgve to the alternative vays that crevs can use the
capabilities of the scout and friendly craft to search the
vorld for cargo and eneay, ﬁrocess these objects, and manage
craft resources. Measures include points scored, cargo and
enemy craft sighted (friendly craft versus scout), carxgo
loaded (friendly craft versus scout), enemy craft destroyed
(fxiendly craft versus scout), and amount of the vorld
searched, also by friendly and scout. The time spent idle
by the scout and friendly craft vas also measured as an
indicator of the inability of the operator to cope vith th,
multiple task denaan. The average time betveen loading a
cargo and unloading it at home base vas nmeasured as a
possible indicator of strategic differences betveen crevs.
The average number of cargo unloaded per trip to héle base
vas measured as a possible indicator of vhether crevs vere
processing cargo serially or 1Iin parallel. (8ee Lytton,
1987; and Miller et. al., 1987 for an application of these
measures to all five one and tvo-person crevs.)

FPigure 2 on the folloving page shovs the points scored
by each crev for each of the eight £final sessions. As
indicated in the dlagram, each crev had one session vith
total points scored considerably lover than their average
score over these eight sessions. For this reason, the
lovest scoring session for each crev vas discarded from the

analysis. Comparisons vere then aade betwveen each pair of
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crevs for each performance measure over the seven t;nalninq
sessions using t-tests vith alpha level = 0.05.

One potential criticism of this method of data analysis
is that the probability of fype I erxor for the conjunction
of tests 1s underestimated by probability of Type I error
for the individual crev comparison tests. The wmethod is
defended on the grounds that both crev size (one versus tvo
persons) and experience level (lov versus high) should be
individually treated at the 0.05 level in analogy vith the
vay in vhich multiple experimental manipulations are treated
in an analysis of variance (ANOVA). The present expe:lnent;
al design is essentially an incomplete 2 X 2 factorial
design. It Is {incomplete since no observations are avall-
able in the high experience, 2-person crev condition. A
standard ANOVA on this 2 X 2 factorial design vould typical-
ly txeat each of the tvo manipulations at the 0.05 alpha

level, as is done here.

comparison of Crev Pexrformance

The average number of points scored per session appears
in Pigure 3 on the folloving page. The black bars in this
and succeeding figures indicate values of the mean plus and
minus one standard deviation. Crevs 2 and E did not differ
on this =measure but both of these crews scored higher than
Crev 1. Recall that Crev 1 indicates the highest scoring

(excluding the expert subject) one-person crev, Crev 2
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indicates the highest scoring tvo-person crev, and Crev B |is

the expezt one-person crev. While it is not surprising that
the tvo-person crewv scored higher than the one-person crev,
it is significant that the éxpezt cxev vas able to

score as vell as the tvo-person crev.

It is clear that it must be explained hov the expert
crev, although time-sharing the demands of scout and
friendly craft control, vas able to score as vell as the
tvo-person crev vho vere able to decompose the task of scout
and friendly craft control betveen tvo people. It should be
noted that the time-sharing demands for Crev B vere qult?
extensive, as this crev alvays used nmanual control of the
scout. The other one-person crev, Crev 1, consistently used
autopilot control of the scout, presumably as a vay of
coping vith these time-sharing demands. Crev 2, the tvo-
person crev with a member dedicated to scout control,
consistently used scout manual control.

The next three graphs 1in Pigure 3 indicate a similar
performance trend for the three crevs in terms of enemy
craft that vere destroyed. VWhether measured in total or by
scout and friendly craft independently, Crevs B and 2
destroyed the same number of enemy craft, and both of these
crevs vere superior to Crev 1. This measure, then, is no
more diagnostic than points scored for explaining perform-
ance differences. Figure 4 on the folloving page suggests

that the same trend holds for total cargo unloaded and cargo
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unloaded by friendly craft. For cargo unloaded by the
scout, hovever, there vas no difference betwveen Crevs 1 and
2. In addition, Crev 1 actually unloéded more cargo vith
the scout than d4id Crev E, ﬁlthough this difference is small
in relation to Crev BE's superiority to Crev 1 in teras of
the number of cargo unloaded by the friendly craft. There
vas also no difference betveen any palr of crevs in terms of
number of friendly craft lost per session due to
destruction by eneay craft.

The primary reason that Crev 1 unloaded fewver cargo
than the other two subjects can be seen in the analysis of
cargo discovery in Pigure 5. Note that Crev 1 discovered
less cargo with the scout than the other twvo crevs, although
he discovered the same number of cargo vith the friendly
craft as Crevs 1 and B. All three crevws discovered about
4.4 cargo per session vith the friendly craft. Crev 1
unloaded an average of 4.3 cargo per session vith the
friendly craft, vhereas the other tvo crevs unloaded about
tvice this many vith the friendly craft. Thus, Crev 1
appears to have been able to use the friendlies to unload
all and only the cargo sighted by the friendlies, vhereas
the other crewvs vere able to unload these cargo vith the
friendlies in addition to an equal numbexr of cargo that vere
sighted by the scout. This fact suggests that Crev 1 rarely
sighted cargo vith the scout and then passed these cargo off

to the friendlies to be loaded, vhereas this wvas a common
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occurrence for Crevs 2 and BE. This difference is most
likely.the result of the fact that, for Crev 1, the scout
sighted so fev cargo that the scout could be used to load
all those that vere sighted. For the other tvo crews, the
scout vas used much more effectively to sight cargo and thus
cooperation with the friendly craft wvas required to load
these cargo and carry them to home base.

Figure 5 also suggests the first difference betveen
crevs 2 and B, and this difference also appears to be due to
cooperation betwveen the friendly craft and the scout. Note
that Crev B unloaded a greater proportion of the cargo that
vere discovered (vithin each mission) to home base than aid
Crev 2 (93% vs. 80%). One explanation of this result is
that Crev E simply discovered the cargo earlier in the
mission than Crev 2 (vhich vould also result in a greater
proportion unloaded at home), but an analysis of the cargo
sighting times does not support this explanation. (No
differences vere found betwveen any pair of crevs on this
measure.)

Figure 6 on the folloving page {indicates that both
Crevs 2 and B unloaded the same number of cargo per trip
home by the scout (0.4), and they unloaded the same number
of cargo per trip home by each friendly craft (1.6). Thus,
these tvo crevws vere similar in their differential usage of
the scout and friendly craft. Both crevs unloaded approx-

imately four times as many cargo per trip home by a friendly
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craft as vere unloaded per trip home by the scout. On the
other pand, Crev 1 shoved no such differential usage of the
scout and friendly craft. Both the scout and friendly craft
unloaded approximately thevsale number of cargo per trip to
home base for this crev. These facts suggest that one
factor that may have contributed to Crev 1l's poor per-
formance vas that he wvas insensitive to the functional
differences betveen the scout and friendly craft. By
essentially treating the scout as another friendly craft
vith regarxrd to cargo processing, Crev 1 did not appear to
make best use of the superior ability of the scout t?
discover cargo and eneay craft. Crevs 2 and B, on the other
hand, appeared to have recognized that the scout vas best
used to search the vorld due to its larger radar radius.
These crevs used the friendly craft to process the cargo
that vere discovered, instead of diverting the scout from
its primary task of searching the wvorld.

The next dlagrams presented in Figure 7 suggest some
additional differences betveen the three crevs in terms of
the utilization of the scout and friendly craft. A measure-
ment of craft idleness vas performed by calculating the
percentage of session time that each craft vas stationary.
¥hile this measure slightly overestimates true idleness due
to stationary craft activity (cargo 1loading, e.g.), these
stationary activities comprised a very small fraction of

total mission time. VWhile it is not surprising that Crew 2
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vas superior to both the one-person crevs (n terms of

minimizing scout idleness, it is surprising that Crev E vas

superior to the other tvo crevs ({n teramas of minimizing
friendly craft 1idleness. This fact is peculiar given that
Crev B had to time share control of the friendly craft vith
manual control of the scout, vhereas Crev 2 had one crew
member dedicated to friendly craft control, and Crev 1 used
autopilot control of the scout and vas thus presumably dis-
tracted from friendly craft control less often than vas Crev
B. Perhaps one reason for Crev B's superiority in this
regaxd is the drastic difference in the number of infor-
mation requests that vere made for friendly craft status.
This information consisted of resource levels (fuel,
missiles, and velght capacity remaining) and craft altitude.
While this major difference betveen the crevs vill be
discussed in greater detall 1later, it appears to have been
the case that Crev E wvas able to make decisions concerning
friendly craft activity vithout explicitly consulting this
information, resulting in more speedy decisions and thus,
less friendly craft idleness.

The £final graphs in Figure 8 suggest that, although
Crev B vas less able to keep the scout from idleness than
vas Crev 2, Cxev E searched the wvorld vith the scout more
completely than Crev 2. These facts would seem to suggest
that the search paths generated for the scout by Crev E vere

superior in terms of the amount of unsearched area covered
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per unit of time to the paths generated Sy Crev 2. Crev 1
vas 1n§etio: to the other tvo crevs in terms of both area
searched in total and area searched by the scout. The fact
that this crev covered ioze area exclusivoly vith the
friendly craft than the other tvo crevs is probably due to

the fact that this crev searched less area vith the scout.

Summary and Hypotheses
It is clear that this analysis of perforsance is not

equal to the task of clearly Iidentifying all the strategic
and competency related differences between the three crevs;
Nevertheless, some tentative generalizations can be nads;
they are only tentative since they will subsequently be
evaluated in the iodellng that follovs.

It is clear that Crev 1 vas inferior to the other crews
on most performance measures. The primary reason appears to
be an inability to effectively search the wvorld vith the
scout. By using autoplilot rather than manual control, this
crev vas able to maintain effective friendly craft control,
but suffered in the long run since fever. cargo and eneay
craft vere discovered, and therefore the friendly craft
could not be used to greatest benefit. Some of the scout's
searching ineffectiveness vas surely due to the increased
fuel usage and slover speed under autopilot control, but it
vas also due to the fact that Crev 1 used the scout to load

significantly more cargo than 4id the other one-person crev.
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This reflects an insensitivity to the major functional
difference betveen the scout and the friendly craft (search
radius). On the other hand, Crev 1's behavior can also be
vieved as a method for simplifying the task by only operat-
ing vithin a restricted section of the wvorld. A second
possible strategy 1s suggested by the fact that this crew
never queued action scripts for the friendly craft, possibly
indicating reactive behavior or behavior vith a short
planning horizon. This hypothesis is particularly difficult
to evaluate since a lack of queued action scripts does not
eliminate the possibility that £future scripts vere planneg
but not implemented via the text editor until they vere
needed.

‘8ince Crevs 2 and E vere similar in terms of most of
the overall performance measures, the wmajor Eaét to be
explained is hov Crev E, as a one-person crev, attained
performance equal to that of a tvo-person crev. It has been
noted that although Crev E vas less able to keep the scout
in motion, he covered more unsearched area vith the scout
than 4id Crev 2. This fact suggests that Crev B's scout
search paths vere somehov more efficient. In addition,
although Crev B had to time-sharxe scout control vith
friendly craft control, he vas able to ainimize friendly
craft idleness better than could Crewv 2. Perhaps this fact
is due to a more rapid decision-making process to determine

friendly craft activity, as Crev B's lack of information
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requests wvould suggest. Finally, Crev E vas seen to be more
effective in bringing the cargo that vere discovered to home
base than vas Crev 2. Perhaps this difference vas due to a
degree of coordination botvoén the scout (wvhich aiscovered
noét of the cargo) and the friendly cratt (vhich carried
most of the cargo home). |

Clearly, the performance nmeasures used above do not
entalil any of these hypotheses concerning crev differences.
The generative modeling approach discussed in the folloving
chapters wvas designed to provide a lethod by wvhich these

issues can be addressed more precisely.



CHAPTER 1V
MODRLING APPROACH

You would be surprised hov harxd
it often is to translate an action
into thought. - Karl Kraus

Introduction
In this chapter the approach for modeling the three

crevs performing the laboratory task vill be discussed.
FPirst, though, a brief statement concerning the focus o}
this investigation is made. This {is done to restrict the
scope of the problem to manageable size, to help define vhat
other psychological research is relevant to the problem, and
to'ldontlfy candidate approaches for modeling crev perform-
ance. rheﬁ, other empirical and theoretical results
concerning human Iinformation processing and skilled human
performance are discussed that are relevant to the problem
as defined. Then, an array of candidate modeling approaches
are discussed and their strengths and veaknesses are
fdentified with respect to demands of this modeling task.
Finally, a general modeling framevork for describing human
pexception, cognition, and action 1s developed. This
framevork vill be made more specific and applied to crevs
performing the experimental task in the followving chapter.
53
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The Focus of Inquiry
Perhaps it 1is best to preface the reviev of existing

psychological evidence by delineating exactly vhich psych-
ological phenomena are 6£ central Iimportance to this
investigation. This step is required due to the fact that
the complexity of the task serves to raise a bevildering
array of psychological issues. Pirst, 1is should be clearx
from the data selection process (aggregating over the final
sessions) that learning (vhether perceptual, cognitive, or

motor) will not be dealt with here. 1In addition, very "lowv

level” or task-independent perceptual and motor ptocesso?
are also excluded from consideration, as these phenomena are
better studied in more tightly controlled experiments and
more highly constralned tasks than the one used here.

The primary phenomenon of {nterest is hov the three
crevs used the resources available (the four friendly craft
and the scout) to accomplish the single goal of scoring
points. Of lesser interest is hov the crevs "managed" their
physical interaction with the Iinterface in order to imple-
ment the friendly craft control activity, although, for the
purposes of generative modeling, this issue must be ad-
dressed to some extent. Of major interest, then, is how
crevs decomposed the single goal of scoring points into a
set of intermediate goals or tasks, hov they constrained and
coordinated the many degrees of freedom available for craft

control, and hov particular craft actions vere chosen at
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particular times (both current and planned actions). The
analysgs of performance in the previous chapter suggested
that crevs may have differed along all these task d4i-
mensions. '

It must be kept in mind that although the task of craft
management is quite complex, there vas not nmuch time
available for crevs to perform their planning and decision-
making tasks. This fact becomes clear vhen the number of
action comamands that vere entered for thd friendly craft via
the text editor is taken into consideration. Crev 1 entered
an average of 44.7 commands per session, Crev 2 entered an
average of 67.4 commands per session, and Crev B averaged
51.7 friendly control commands per session. Taking 50
con-andﬁ as an average, this means that a decision to change

friendly craft activity vas implemented, on average, every

.36 seconds. This figure does not include decisions pertain-

ing to control of the scout craft. In addition, the time
interval betveen command implementations Qas not spent idly
pondering information displays since many physical inter-
actions vith the Interface (editing, maintaining scout
control, e.g.) also had to be performed.

The picture of required control behavior that emerges
is one of decision-making and planning that vas rapid and,
at least in the case of Crev E, performed simultaneously or
rapidly time-shared vith tﬁe scout control task that

required (at least) perceptual-motor performance. The other
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tvo crevs had considerably more time to perform the friendly

craft control task (due either to the use of autopilot scout
control or a second crev member) but neither of these crevs
vere able to exceed the performance of Crev B. Thus,
psychological mechanisms that are capable of producing
effective decision-making and planning in the face of
considerable task complexity and time pressure appear to be
required to explain the behavior of skilled crews 1in this
task.

Psychological EBvidence .
Due in part to the desire to produce "intelligent™

machines, investigations aimed at understanding the differ-
| ences betwveen novice and expert behavior in a variety of
cognitive tasks have become more numerous since the onset of
the discipline of artificial intelligence. Those studies
that are most interesting from the perspective of this vork
are those that require the human to solve complex infor-
mation processing tasks rapidly. While some findings vwill
be revieved 1in this section, additional evidence vill also
be discussed in the folloving section vhere alternative
modeling approaches are identified and evaluated.
Chase and Simon's (1973) studies of expert and novice
chess players have suggested that the wmajor difference
betwveen the two is in the amount and organization of

prestored knowvledge rather than in general information
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processes. Experts and novices wvere seen to be guite
similar in terms of seaxch depth, for example, but experts
vere found to be highly superior in terms of their ability
to recognize chess configurations as similar and meaningful.
Summarizing his ovn studies of chess experts, DeGroot has
concluded that:

The gist of the argqument is that a chess position,
and a fortioril an entire game are typical to the
mastexr. A chess position is easlly recognized as
one belonging to a certain class, that can be
handled in a certain vay. (1965)
Note the similarity of DeGroot's statement above with 8.
Dreyfus' characterization of skilled decision-making in
complex managerlial tasks:
The significant pattern pervading the skill
acquisition process, as ve have described {it,
is the progression from abstract, rational under-
standing in texms of isolated elements and rules
relating thea, to immediate situation recognition
and response based on holistic similarity to prior
concrete experiences. (1984)
Thus, at least in these tvo complex task domains, it appears
as 1£f highly skilled decision-making takes on a recognition
and response flavor vhere the situations that are recognized
are very complex, yet very quickly assessed.

While these tvo examples shed 1little 1light on the
nature of the processes underlying situation recognition and
response information processing, they do tend to suggest
that such processing 1is wmore similar to perceptually
oriented processing than the types of “"higher 1level"”

cognitive information processing that are typically studied
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by cognitive scientists. Perceptual processing seeas not to

be resgricted to simple visual discrimination and identifi-
cation, but rather seems to be present in vide variety of
tasks in addition to the chess and wmanagerial decision-
making tasks discussed above. The complex task of playing
Go has been modeled as a perceptual task (Reitman, Nado, and
¥Wilcox, 1978), and Smolensky (1986) has even described the
task of intuiting ansvers to physics problems as perxceptual
in nature. The use of Chernoff faces for the display of

aultidimensional information (Jacob, 1978) {is an example

vhere the format of Iinformation presentation has boep
deliberately designed to promote a perceptual mode of
processing instead of a serial and deliberate integration of
the multiple dimensions.

Perceptual solutions to cognitive tasks tend to be
characterized by high speed, patallol processing of spatial
information (Shiffrin and Schneider, 1977; Treisman and
Gelade, 1980), and a radical reduction in the number of
decision alternatives that must be considered by "higher
level® processing (Chase and 8imon, op. cit.). It may be
the case that, as Keil (1984) has commented, the human
cognitive system may naturally gravitate tovard this mode of
processing and wvill, vith experience, dispense with general
purpose multi-stage processing routines and opt for reliance
upon task-specific prestored knovledge of the type hypoth-

esized by Chase and 8imon. Anderson (1983) has gone so far
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as to suggest that the natural mode of information process-
ing ln;the brain is highly parallel and pattern oriented.

¥hile the previous characterization of skllled crev
perforamance {in the complex control task used in this
research is possibly consistent wvith this perceptual style
of information processing, it is quite clear that a percept-
ual approach s not entailed by the analysis of crev
performance discussed previously. It wvould severely
misrepresent the research reported here if a different set
of empirical, albeit anecdotal, evidence wvas not reported
that had a strong effect on the selection of a nodellng
approach. As namentioned previously, the present author
served as an expert crev and trainer for tvo other crevs in
the third experiment. The additional evidence is his own
experiences vhile sexving the role of expert trainer and on-
line advisor to these crevs.

While vatching over the shoulder of the tvo trainees,
it vas no more difficult to recommend desired control
activity to the trainees than it vas to deteraine control
activity vhile perxforaing "in the loop."” What vas exceed-
ingly difficult wvas to explain the rationale behind those
recommendations. .What wvas even more difficult wvas to
attempt to create a corbus of verbally represented proced-
ural knowledge concerning a overall strétegy for performing
the task. When encountering any specific displayed sit-

vation within the context of the control task, decision-
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making vas found to be quite easy, but in the absence of

Lu in , the task seemed foreign and (it vas
difficult to make use of vhatever vas learned that accounted
for highly skilled periornaﬁce. A

To make this frustrating experience more concrete, the
reader should consider vhat his response would be {f asked
to vrite dovn a set of procedures for tying his shoelaces.
The only vay that many people report being able to create
such procedures 1is to physically perform the task, and
observe their owvn behavior. ¥Yhat is particularly relevant
is not that the knovledge 1is somevhat inaccessible, bu?
rather that the knovledge becomes Iimmediately and almost
effortlessly deployed vhen asked to deal with the task in.a
concrete, rather than abstract format. A more relevant and
perhaps more tenuous observation {is that this phenoaenon
does not appear to be restricted to the domain of per-
ceptual-motor, or "lov-level" tasks. Foxr example, the
reader may also consider his response to the demand to vrite
dovn everything he knows about his ovn domain of expertise.
This humbling and effortful task should be contrasted vith
the much more satisfying and easily performed task of
solving a particular, concrete problem in that domain. BRven
in this case, vhat seeamas to be produced 1s not a stream of
expert "knowvledge®, but a problem solution that only
implicitly specifies vhat the expert must have "known" to

produce the solution. The point of this exercise 1is to
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suggest that much of vhat accounts for expertise seems to be
intimately keyed to the inputs of the information processing
-echanlsps, and cannot be neatly made distinct from percept-
ual input.

The common explanation for the phenomena of inaccess-
ibility of expert knovledge 1is that that knovledge has
become somehov "compiled"™ or automatized (cf. Bricsson and
8imon, 1984; and Anderson, 1976, e.g.). Under this view,
the phenomenon that accounts for skill 1is that intermediate
steps in the “computation™ are carried out vithout being
independently evaluated or "interpreted®™, and thus, “{the)
automation of performance 1is therefore quite analogous to
executing a computer algoritha in compiled instead of
intexpreted mode™ (Bricsson and Simon, 1984). lhatlls very
important to note about such theorizing 1is that all of the
intermediate steps in the orxiginal procedure are preserved
in the automatized procedure, although some of them are no
longer capable of being verbalized. That is, skilled
routines are simply unskilled routines that are speeded up
due to the fact that their inputs and outputs no longer
require use of short term memory (Exicsson and 8imon, 1984).
The information processes underlying skilled performance are
thus no different in kind from unskilled processes, other
than for the fact that they have been stipulated not to

require use of short term memory.
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vhat these explanations typically fail to explain,

though, 1s hov expert knovliedge becomes so effortlessly
tapped vhen the expert is presented vith a concrete problea
(or else he wvould not be considered an expert). The
explanation offered here, and one that seems to be consist-
' ent with the findings discussed above, is that much of this
*knovledge®™ 1is often comprised of perceptually oriented
routines that are effective only vhen vorking vithin their
*design specifications,” i.e. vhen processing input infor-

mation. These perceptually-oriented routines are different
in kind from unskilled processes vhich do not make use of a
perceptual processing mode. The inaccessibility of skilled
processes is not explained by stipulating that they do not
use short term memory as under the automatization theory,
but, rather, it is explained by the fact that a shift to a
perceptual mode of processing vill exhibit those features
that are typical of perceptual processing, such as inaccess-
ibility, high speed, and parallel processing. While such a
shift may indeed result in a lessened use of short term
memory, this fact need not be seen as a defining feature of
- axpert processing, but rather as a feature that is exhibited
due to a shift 1in processing mode. To summarize, the
offered viev of the transition to skilled processing is to
be characterized as a shift to a different kind (perceptual)
of processing, rather than as the same processing occurring

in unskilled processing that 1is simply speeded up and
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stipulated not to require memory resources. Of course, this
view can be no more precise than the characterization of
perceptually-oriented processing, and this 1is one of the
fundamental goals of the modeling exercise.

It should perhaps not come as a surprise that much of
vhat accounts for high skill plght involve becoming attuned
to the perceptually available specifics of the situations
that are encountered in a task. It 1s a wvidely held
principle in engineering psychology that, vith experience,
human behavior becomes a reflection of the task environment
(Rasaussen, 19683). In a vider domain it has been suggested
by the philosopher Jaspers that people in general become
“their situations personified,” (Murphy, 1978), and, in an
even vider domain, evolutionary theory suggests that all
organisas become Iintimately attuned to the demands of their
ecological niche. If this line of reasoning 1is close to

being correct with respect to modeling skilled performance,

some rather severe restrictions must be placed on the models
that are held to be candidates for descriptions of human
behavior in complex systems. Some such models are revieved

in the folloving section.

candidate Modeling Approaches

One class of models that has been proposed to describe
human behavior in complex supervisory control systems is

based on normative constructs froam decision theory, optimal
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control theory, and operations research. Normative models

of the skilled human controllexr based on utility theory and
dynamic programaming have been developed by S8Sheridan (1976
and 1966, respectively). An explicitly stated assumption of
Sheridan'’s (1976) model s that "the human operator's
(and/oxr computer's) purpose is to saximize an explicit or
implicit utility function.®™ A model based on queuing theory
has been developed by Rouse (1977) to determine dynamic task
allocation in multitask environments. The PROCRU model
developed by Baron, Zacharias, Muraldiharan and Lancraft
(1980) is an adaptation of the optimal control model thap
has been tailored to include procedural information.

In addition to being normative, all these models share
another important feature in common: they abstract avay the
contextual features of the decision-making task and focus on
abstract, formal features of the decision probleam. This is
in keeping with the general approach of the decision
sciences to £ind solution methods to problems across the
many domains 1in vhich those problems may be "embedded™. As
such, these methods categorize problems by their methods of
solution, and necessarily dispense vith the particulars of
the decision task. Thus, this approach tries to find the
same solution methods to problems in various contexts, wvhere
the solution process that {is selected 1is Dbased on an

abstract and formal characterization of the problena.
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If the remarks of the previous section concerning
skllle? human decision processes have any validity, the
features of human decision-making wmight suggest a decom-
position of probleam solution methods along di-enqions nearly
orthogonal to the dllenslbns respected by these normative
models. | Rather than coming equipped vith an axray of
various decision-making methods that are variously selected
by abstract features of the problem task, and applied in-
dependently of context, humans may élploy an array of
approaches that are selected primarily by context, and are
applied nearly independently of vhatever formal structu:g
the decision task may have. Thus, for example, vhile the
decision sciences nmay employ different solution techniques
for choice, inference, or planning tasks, due to differences
in formal problem structure, skilled human cognition may
gravitate tovard the same solution technique (situation
recognition and response) given that this technique is
enabled by the specifics of the context in vhich the problem
occurs. on the other hand, the decision theoretic approach
might adopt a linear programaing solution technique, for
example, for a task vith the appropriate structure, regard-
less of the context in vhich it appears. Human cognition,
though, may not respect this abstract invariance in problea
structure and adopt different solution techniqgues depending
on vhat types of Iinforsation processing are most readily

supported by the context in vhich the problem occurs.
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A vast array of psychological findings attest to the

contexg-specificlty of human information processing.
Context-specific processing is characterized by sensitivity
to the surface (or perciptually available) aspects of an
information processing problem. This type of processing is
identified wvhen variance 1in behavior is exhibited due to
altering vay in vhich the same (vhen formally characterized)
problem is presented to the human. Many studies have shown
that a set of problems vith 1identical formal structure in
some abstract problem representation are attacked quite
differently by hu-ani depending on the context in wvhich thp
pxoblem is couched. In studies of reasoning, Wason and
Johnson-Laird (1972) and Johnson-Laird (1975) have demon-
strated that the inferences humans dxav,‘and the validity of
these inferences, vhen presented vith a task of fnvarlant
syllogistic structurze are strongly dependent upon the
context in wvhich the task is presented. Studies of infer-
ence and decision-asaking by Kahneman and Tversky (1979) and
Tversky and Kahneman (1981) describe considerable sen-
sitivity to contextual information over tasks that are
identically represented in terms of probability theory. In
thelr study of problem solving, Kotovsky, Hayes, and 8imon
(19685) found reliable performance differences of a factor of
sixteen to one in the Tover of Hanol problem vhen the
problem context wvas altered, even though the problems had

identical structure in the "problem space plus operators®™
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problem representation developed by Nevell and Simon (1972).
These facts seem to call into question the psych-
ological validity of models such as those based on normative
constxucts from decision theory, queuing theory, dynamic
programming, or optimal control theory. By abstracting avay
contextual information, none of theée approaches may be
suitable for adequately describing skilled human decision-
making processes that are notoriously context-sensitive.
The necessity of addressing the context-sensitive nature of
human information processing could not be more important
than in the discipline of human-machine systems design,
since the problem of interface design is largely one of
designing a (hopefully supportive) context for human
information processing to occur.
A second class of models has been developed to ex-
plicitly account for the domain-specificity of humsan

information processing. Expert systems and other symbol

processing oriented models of cognition make use of the fact
that expez; cognition is strongly determined by the prop-
exties of the particular domain of expertise. As a result,
these models are often termed "knovledge-based” systems.
These nmodels often encode human expertise in terms of
verbally represented rules and facts concerning the problem
domain. The generative solution technique is the applicat-
fon of logical deduction or induction. Bxamples of this
approach wused to describe cognition in complex dynaamic
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systems include, for example, Chen (1985), Wesson (1977),
and Rouse, Rouse, and Pellegrino (1980). The models con-
structed by Chen and Wesson are knovledge based systems that
genexate plans in the donaiﬁ of £1ight planning. Wesson has
suggested that his model could be used as an aid for the
husan air traffic controller. The model built by Rouse et.
al. is a description of human problem solving in a dynamic
systenm. Unlike the £light planning models, though, this
model vas demonstrated to generate behavior in approximate
agreement vith human behavior.

There are tvo features of these models that make tho,
questionable from a psychological perspective, even assuming
they can produce behaviorally valid results. The first is
due to the fact that although these models are indeed highly
domain dependent, they are still context-insensitive. These
models do represent knovledge that is highly domain spec-
ific, but the representational fora that 1is used for this
knovledge i= almost 1invariably verbal, and thus divorced
from vhatever perceptual processes the domain expert might
use to encode and deploy this knowvledge. I1£f some expertise
involves potcelang comaplex patterns wvithin the environment,
it is not at all certain that natural 1language has the
descriptive resources to economically represent these
patterns and support the processes that recognize them.
These models assume that the knowvledge accounting for

expertise is not only verbally encodable (as much knovledge
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may be, as expert Iintervievs may suggest), but that these
vetbali representations are sufficient €for the task of
capturing the expert's internal information processing.

It seems to be an almost unquestioned assumption in
cognitive science research that the (verbal) represent-
ational system underlying communication 1is the same rep-
resentational system undexrlying cognition. Given that the
functional roles of communication and cognition are radical-
ly different (unless cognition 1is equated vwith "talking to
oneself™), there 1is no a priori reason to expect that these
tvo processes should share the same representational SYBtOI;
Do cats "think® by manipulating various internally zep-
resented meov sounds, and does a vocabulary of high pitched
songs serve as the "language of thought" for the vhale? (See
Chugchland, 1986) While some human cognition might be
profitably be described as inner speech, the cognitive
processes of the "participants® to the discussion still
remain to be accounted for. In other wvords, it would appear
that a theory equating cognition vith inner speech requires
the assumption of mechanisas that produce and interpret this
speech. It seems clear that nmuch of the psychologically
significant content of such a theory would have to be
embodied in assumptions about these wmechanisas. But the
operation of these lechgnisls cannot once again be described
as involving ilnner speech vwithout the possibility of an

infinite regress.
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If, as the remarks of the previous section suggest,

much of expert processing may be perceptually oriented and
may make explicit and profjitable use of the context in vhich
the perceptual system opetates, these verbal tep;esentatlons
may not provide the appropriate representational language.
It may be the case that, as Nisbett and Wilson (1977)
suggest, that the verbal statements offered by domain
experts in response to qqueries by knovledge engineers are
based on a prlori, causal theories that plausibly explain
stimulus-response relationships. In the shoelace tying
experiment for example, the verbal rules that the readerx va?
asked to generate can be seen as describing certain input-
output inva:iances that vere noticed vhile observing
| shoelace tying behavior, but there is no guarantee that the
reader vas actually reporting rules that played a generative
role in the production of that behavior.

In addition to representational £form, the generative
solution mechanisa employed in these procedural models is
also context-insensitive. While, at a high 1level of
description, these wmodels can be described as using domain
dependent solution strateglies, at the level of mechanisa all
these models share an identical generative technique: the
application of logical inference. One explanation for the
ubiquity of the logical model of cognition is evidenced in
Churchland's (1906) comment that:

I suspect that the philosophical tradition of
venerance for inference and the sentential
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{verbal-propositional) attitude has generated

a kind of fetishism with respect to logic as

?he model for inner processes.
There is simply no evidence that the logically based model
vhich adequately captures some human reasoning at the
personal 1level (the verbally reportable manipulation of
syllogisms in philosophical argumentation, e.g.) is vell
suited to capturing expert cognitive processes that are not
verbally reportable and occur at the gub-personal, or
cognitive level.

The distinction betwveen personal and sub-personal
levels of cognition is meant to reflect a category dlatlnc:
tion that sometimes appears to be blurred 1in cognitive
theorizing.- While a person may be usefully described as
following a rule, (vhen cooking according to a <recipe for
the £irst time, or vwvhen attempting to ttoubleshooe a car's
ignition system vith Chilton's sanual in hand, e.g.), or
making a deduction, (by manipulating syllogisas in a
fxeshman 1logic course, e.g.), the cognitive processing
underlying this behavior cannot be generatively described as
rule following or logical deduction vithout (explicitly or
implicitly) invoking <circular reasoning. It appears
somevhat idle (from & generative perspective) to explain the
human's ability to follov a rule by contending that his
maind/brain is rule followving, or to explain human logical
deduction by postulating a logical mind. These arxguments

contain little more meaningful content than, for example,
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the explanation that a calculator can be described as

follov§nq the axioms of arithmetic because 1its arithaetic
chip 1s also £folloving those axioms. Just as certain
properties (obeys axithletié axioms) apply to calculators
and a different set of properties apply to chips (is vired
in a certain vay) by virtue of vhich the calculator has this
property, different sets of properties appear to be required
to describe personal-level behavior and cognitive-level
behavior in order for explanations of the former in terms of
the latter to be productive and non-cirxcular. FPor addition-
al arguments against the viev that cognitive processes are
best vieved as logical manipulations of verbal represent-
ations see Coulter (1983), Winograd and Plores (1986),
Churchland (1986), Hunter (1973), Runeson (1977), stich
(1983), Rumelhart and McClelland (1986), and Hinton and
Anderson (1981).

It thus appears that the most cautious approach demands
that the use of logical-verbal models should be restricted
to those cases vhere there is evidence that 1logical infer-
ence on verbally encoded information 1s, in fact, being
employed by the human to perfora a task. 1In these cases, it
may prove to be a productive research strategy to use logic
to provide a descriptive account of behavior and to ignore
the lover level cognitive mechanisms that occur, and by
virtue of vhich, the human can exhibit this 1logical be-

havior. Human problem solving and plan construction in
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novel situations may, for example, be phenomena that meet
these criteria. In other cases, though, vhere there is
little evidence to suggest explicit logical Iinferences are
operative, other characterizations of cognition may be

necessary.

Modeling Approach

The modeling approach is based on the viev, suggested
above, that the boundary betwveen perception and cognlﬁlon is
a shifting one. Ansvers to problems that once had to be
"vorked out" can, vith experience, be "seen"; a change not
unlike the shift that occurs vhen learning to read a second
language. The perceptual mechanisms responsible for such a
change are assumed to be diffezentiated Dby the information
to vhich they are attuned and the ansvers they supply,
rather than by the formal characterization of the problem
(inference, planning, wnmaximizing utility, e.g.) that they
can be described as solving. That is, there is a unitary
solution mechanism (seeing ansvers) that 1is not only
context-sensitive, it is context determined, and somevhat
divorced from vhatever formal structure the task may have
vhen defined from the perspective of the decision sciences.
The formal and revard structures of the task vill be
relevant in determining vhich specific pexrceptual mechanisas
are developed, so that the operation of these mechanisas can

contribute to behavior that satisfies these formal con-
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straints. While these task-specific perceptual mechanisas

have most surely evolved under the pressures of revazd,
punishment, or some similar shaping forces that are sen-
sitive to task goals and :ésult in expert performance, an
- appropriate characterization of the operation of these
mechanisas is essentially ahistorical and non-teleological.
In other vwvords, a description of the xoal-tllo,.phystcal
operation of these mechanisms need not refer to the past
events that vere responsible for their eilstenee, oz the
goals to vhich their operation contributes. An automobile,
for example, can be described vwithin the domain of physlcs!
vithout knovledge of the marketing research that led to its
particular design, or knovledge of the institutional goals
that the production of the automobile vas intended to serve.

Underxr this viev, any successes of decision theoretic
modeling of expert pexrformance in perceptually rxich domains
are to be explained by suggesting that perceptual lechanlsna
have been evolved to supply the optimal solutions, although
no optimization operations are being performed during the
time period 1in vhich the ansver is supplied. The de-
scriptive successes of rule-based and other symbol process-
ing models for describing highly skilled performance are to
be explained by contending that the rules and logical models
are higher 1level descriptions of perceptually-based be-
havior, and for some purposes perhaps even redundant

descriptions.
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This is a radically strong statement of the ideas on
vhich ghe aodeling approach is based. Bven if these 1deas
are on the right track, perhaps the above statements are
only even close to being strictly true in extxq-ely highly
skilled behavior that occurs {in perceptually rich domains.
Nevertheless, the modeling approach has been stated in this
fashion because, vhile the ideas are quite simple, it is a
dl:oct implication of these ideas that any task-specific
model based on these ideas must nocessitlly reflect all of
the task's complexities and 1idiosyncracies, and thus, vill
not communicate the simplicity of the approach. This l?
especially true of the 'genetatlve model described 1in the
next chapter.
Given this perceptual characterization of skilled
performance, tvo major questions need to be addressed before
the framevork can be applied to this or any similarly

complex task. First, vhich perceptual processors vill

exist, given the task requirements and information available
to the human? 8Second, vhat is the mechanism by vhich these
processors operate? The ansver to the first question will
detexmine vhich input-output mappings are produced, vhile
the ansver to the second vill determine the nature of the
processes that actually generate these mappings. It is
assumed that the nature of the computations producing the
mappings (at some 1level lover than a purely functional

level) is independent of the particular input-output mapping
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that is being generated.

It is clear that the task-specific perceptual mechan-
isms that occur vill be determined by the requirements of
the task that is being peifot-cd. At the most general
level, the task is action. While this may seema to be a
trivial point, it is clear that {if it {is contended that
these wmechanisas help account for skilled performance,
rather than simply skilled perception, the role of these
mechanisms {s more than to simply register, or provide a
faithful internal representation of, the external environ-
ment. Rather, the role of the perceptual mechanisms is t9
provide inforiatlon upon vhich the selection of action can
be efficliently performed. An appropriate model of human
information processing requires knovledge of vhat action
related, task-specific Iinformation these mechanisas use and
produce, as Neisser suggests belov.

If ve do not have a good account of the information

that perceivers are actually using, our hypothetical

models of their "information processing” are almost
sure to be wrong. If ve do have such an account,
hovever, such models may turn out to be almost

unnecessary. (Neisser, 1987)

Neisser's comment 1Is representative of’ the ecological
approach ¢to pozception. and cognition. The ecological
approach, stimulated by Gibson's wvork in perception, seeks
to find much more Iinformation in the environment than is
usually assumed by the more traditional information process-

ing approach (Gibson, 1966). Under this viewv, perceptual

systems tuned to complex informational invariants can serve
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to reduce much of the computational burden for the product-
ion of complex behavior from central processing. Although
the ecological viev has spavned an lmpressive amount of
research activity, it 1s still far from uncontroversial (for
criticisas, see Podor, 1983, and Pylyshyn, 1981).

For the purposes of this wvork, employing an ecological-
ly oriented approach to modeling human behavior implies only
the folloving commitments: first, the information provided
by perceptual mechanisas 1is highly action-oriented; and
second, these mechanisms operate by being attuned to
(possibly complex) Iinvariants present in the onvltonlenta}
situation. On the other hand, the present approach may part
conpanqu}th ecological vievs that assume that the pick-up
of information 1is direct, or totally unaediated by any
computation or information processing. |

Action-orliented information, or “affordances" (Gibson,

1966), are properties of the interaction betwveen an environ-

ment and an orxganisa's capabllity for action. For example,
a chair affords sitting, an apple affords eating, and a
cigarette affords smoking. While clear enough, these
examples are somevhat aisleading because they are suggestive
of an environment that is already neatly differentiated into
these objects, and the fact that they afford different types
of actions is not essential to the differentiation.

A more generative conception of the affordance relation

(and the one adopted herxe) is that an affordance is not a
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benign element that exists after the environment is differ-
entiated, rather, it is a partial source of the digfez-
entlation. That is, the environment is differentiated by
the degree to vhich |t vatiously affords actions of differ-
ent type. A chess player, recalling DeGroot's character-
ization, decomposes the chess game into situations that "can
be handled in a certain wvay" thus reflecting an action-
oriented differentiation of his environment. This idea is
consistent vith Rosch's I(nfluential ecologically oriented
vork on human categorization vhere one feature of "basic
categories®™ is that they are comprised of objects tha:t
support human actions of specified types (Rosch, 1975). 1In
~addition, an affordance need not be an all or none property,
as situations may differ in the deqree to vhich they afford
productive action (fishing, mining, surfing, e.q9.).

The idea that environments become differentiated in this
vay is especially productive in situations vhere a decom-
position of the environment along solely physically salient
dimensions (color, shape, etc.) is not especially efélclent
vith respect to the task of action selection. In some
cases, a purely physically oriented decomposition will
under-differentiate the environament. In these cases,
fgnorance concerning possible action-oriented differ-
entiations can make behavior appear very complex or even
randoa. Obtaining an appropriate differentiation can

sometimes allov such complex behavior to be described in
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simple terms, as vill be seen in the nmodel of human path
plannigg described in the folloving chapter.

Sometimes, on the other hand, a purely physically basgd
environmental decomposition vill over-differentiate the
environment vvith respect to the human's capability for
action. In these cases, affordances vill deteraine hov the
perceptually distinct objects {in the environment become
categorized. That is, one vay that a set of objects can be
partitioned into categories is by classing thea according to
the actions they afford. The same set of objects can be
categorized in different vays depending upon the actloy
affordance that 1is employed to generate the decomposition.
Knovledge of actions is required to identify the_categorles
that are formed. For example, the category (children,
jevelry, legal documents, and cameras) is almost non-
sensical until it {is recognized that the members afforxrd
actions of the same type; in this case, they are "things to
take from one's home during a fire" (Barsalou, 1985). Thus,
perceptual processors that are individuated by their
sensitivity to affordance-related information are assumed.
The model discussed in the folloving chapter is based on the
idea that the crevs differentiated and categorized their
environment (the simulated vorld) by the degree to wvhich
situations present in this vorld afforded actions of various

types (searching, loading cargo, attacking enemies, e¢.g9.).
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The question of the mechanisms by vhich these process-
ors are assumed to operate nmust nov be discussed. s
mentioned earlier, it is assumed that these mechanisas
operate by processing spétlally distributed Iinformation
rapidly and in parallel. In addition, mechanisas based on
logical operations on verbal representations are rejected,
although the operation of these mechanisas may be consistent
vith a such a high level description.

The parallel distributed processing (PDP) approach
(e.g., Rumelhart and McClelland, 1986; Hinton and Anderxson,
1981) for describing cognition employs perceptual ang
cognitive mechanisas that appear to be consistent the
processing requirements specified aboye. This approach
assumes that input information is processed in parallel by a
set of spatially distributed processors that are intercon-
nected by simple communication mechanismas. The operation of
these mechanisms are typically described vith a combination
of matrix algebra and the use of simple non-1linear thresh-
olding functions. While this approach has achieved some
successes for describing perceptual abstraction and categor-
ization, 1its utility for describing the processes that
account for complex human behavior is still 1in question
(Podor and Pylyshyn, 1988; Norman, 1986).

Certain of the perceptual mechanisas employed in the
folloving model are consistent vith these PDP mechanisas in

that transformation of vectors via simple matrix operations
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are used. Other mechanisms, on the other hand, are imple-
mented . via simple 1logical operations along vith matrix
algebraic methods. As logically based descriptions can
provide a higher 1level approximate description of the
behavior of PDP mechanisms, the use of logic for implement-
ing the model is only done for programaming ease only. The
entire model structure is still based on the assumption that
these mechanisas operate by processing the spatially
distributed information in parallel vithout the manipulation
of verbally based representations. Consistency vith this
assuaption is the major motivation of the modeling approach,
rather than any desire to maintain similarity vith the
current assumptions underlying PDP modeling.

A final point should be made concerning the relation-
ship of PDP modeling with the present approach. Recall that
a primary motivation of the present approach is that skilled
human cognition 1is extremely sensitive to the context in
vhich an information processing problem is presented. PDP
models are also completely context sensitive, as they
operate by processing concrete, primitive perceptual
features, and wmay require completely different input-output
mappings vhen the format of {information presentation is
altered. This feature makes PDP models consistent vith the
present modeling approach. It has also been suggested that
the context-sensitivity of humsan {information processing

indicates that models based on abstract, formal problem



representations do not provide adequate descriptive accounts

of coggltlon. This is a particularly distressing fact for
the human-machine systems researcher because, if true,
invariances in problem structure that are respected by the
formal decision scliences may not be simllarly respected by
human cognition.

What is suggested then, is that the search for invar-
fances in cognition that vill have predictive value for the
systea designer may need to change £rom the 1level of

performance mechanisms to the level of the processes by

vhich the context-specific mechanisas are produced an?
tallored to the interface design and task demands. That is),
the search for predictively vaiid invariances aight need to
shift to the level of learning, othervise the task-specific
perceptual and cognitive structures that are evolved cannot
easily be determined. The performance-oriented parameters
of the structures can only be explored after the task-
specific structures have been identified. That the phe-
nomena of learning, then, occupies center stage in the PDP
approach to cognition may be a reflection of the validity of

this obsexvation.



CHAPTER V
MODBL DRSCRIPTION

Intzoduction
In this chapter, the generative model used to descxibe

the behavior of subjects in the laboratory task vill be de-
scribed. The model has three main components: perceptual,
action selection, and action Iimplementation mechanisas.
Pirst, a gqualitative description of the perceptual pzocesi:
ing employed in the model is given in terms of the framevork
developed 1in the previous chapter. Then, the structural
organization of the model is discussed vhich includes the
perceptual, action selection, and action {implementation
mechanisas. Next, the operation of each of the perceptual,
action selection, and action implementation mechanisas is
described in detail. The methods by wvhich the model vas used
to describe individual crevs are described in the followving

chapter. The results of crev modeling are discussed in

Chapterxr VII.
Framevork for Perceptual Processing

In keeping vith the remarks of the ptevlous'chapter, it

is assumed that much of the Iinformation processing account-

83
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ing for highly skilled performance in this task is performed
by tagk-spoci!ic perceptual processing msechanisas. The
particular perceptual mechanisms that are developed are
determined by the task requirements and the interface
displays that provide the context 1in vhich the task is
pexformed. Morxre specifically, the perceptual mechanisas are
assumed to be attuned to the features of the displayed vorld
that arxe highly relevant for the purpose of action selec-
tion. -These mechanisms are assumed to process spatially
distributed information rapidly and in parallel.

The environment is assumed to become differentiated an?
categorized by the degree to vhich it affords actions of
dlfﬁezgnt types. Differentiation oécurs vhen an originally
isotropic description of the environment becomes enriched
due to an inclusion of information concerning hov different
sections (sometimes “objects®™) in the environment afforxd a
specified action to various degrees. 8ighting cargo and
eneay craft, for example, 1is an action that is afforded to
different degrees by different locations in the simulated
vorld due to the fact that object densities varied vith
forest density. Locomotion of the scout is a similar such
action, as ease of 1locomotion is determined by the forest
density in the immediate location of the scout craft. The
complex action of searching for objects includes both
sighting and 1locomoting as sisultaneously performed sub-

actions, and the differentiation of the environment accord-
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ing to this complex action can be constructed from the tvo
differentiations provided by its coaponent actions.
Therefore, a complex differentiation of the vorld is
provided by search affordances. This differentiation is not
based solely on the physical attributes of the vorld;
rather, it 1is generated by considering hov the vorld's
physical attributes combine vith the functional capablilities
of the scout to produce regions of high and lov value. The
resulting differentiation does not decompose the world into
distinct objects, but rather, it induces a continuously
graded affordance structure that includes “hills" and
*ridges® of high degrees of search affordance, and "valleys"
and "holes® of lov degrees of geazch'affozdance.
Categorization occurs vwvhen the environmental decom-
position based solely upon physical dimensions (e.g., by
color and shape) is reduced in dimensionality by noting that
various {items in this decomposition all afford the same
action. For example, the model exploits a categorization of
both enemy helicopters and enemy tanks {into the single
category of moblile enemies due to the fact that both these
' objects are acted upon in an 1identical vay (vith a given
friendly craft action command) even though the physically
genexated categorization based on coloxr groups these items
into separate classes (helicopters appear as red circles
vhereas tanks appear as orange circles). The model makes

use of a different category for fixed ground enemy craft, as
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these enemies are attacked vith a different command than is
used for the mobile craft. All categorization that operates
by abstracting awvay the specific numbering of these eneay
craft operates in a similar vay, as enemy craft are attacked
in the same vay regardless of their numeric identifler.

Sometimes, the object categorization based solely upon
physical dimensions is nearly {identical to an affordance
oriented categorization. Por example, cargo are the only
gray objects on the display, and each and every cargo (to
close approximation) is acted upon in the same vay (vith the
same friendly craft cargo 1loading command). This connang
directs the friendly craft to travel to the cargo location
and load the cargo. ~ The only exception to this categor-
ization arises vhen cargo appear vithin the loading distance
(0.125 miles) of a friendly craft. In this case, the
friendly need not be given a command to travel to the cargo
location, as this constraint is already satisfled. There-
fore, a different action command is executed to load these
craft. This suggests that there might be a corresponding
perceptual mechanisa that is sensitive to those cargo that
are close to friendly craft, as they afford actions of a
different type than cargo that require that friendly craft
travel.

Note that a comparison of the purely physically based
categories and &lfferentlations vith the affordance based

categories and differentiations provides one vay to analyze
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the compatibility characteristics of displays, and helps
define vhich subtasks are variably msapped and vhich are
consistently wapped (8hiffrin and Schneider, 1977). This
latter distinction can be used to predict vhich tasks vill
become automatized, and vhich resist automatization. This
distinction vill be discussed more precisely 1in folloving
chapters.

S8imilar reasoning is used to identify the entire set of
perceptual mechanismas and the .hypothestzed atfordances to
vhich they are sensitive. Perhaps most interesting are
those affordances to vhich the model 1is sensitive that
result in coordination among the friendly craft, as co-
ordination is an example of one of the behaviors that seeams
to be suggestive of "higher 1level™, central, or more
flexible cognitive operations. The general mechanisa by
vhich coordination 1is produced in the model is by alloving
action atfordances for any one friendly craft to be partial-
ly composed of information relating to the activities of the
other friendly craft. 1In short, part of the environment of
each craft is comprised by the other four craft.

Examples of coordinated behavior among the scout and
four friendly craft produced by the model include collision
avoidance, making sure friendlies do not atteapt the same
action (e.g., loading the same carxrgo, searching the same
region), and coordinating the space-time trajectories of the

scout and other friendly craft so that a friendly craft is



nearby to process any cargo and enemy craft sighted by the

scout'g radar. All these behaviors are produced 1in a
similar fashion, namely, by alloving the affordances for one
fziondly craft to be detetnlhed by the current and predicted
activities of the other craft. PFor example, in the scout-
friendly craft coordination task, areas that simultaneously
are capable of containing both the scoqt and friendly craft
have a high degree of search affordance for the friendly
craft. The search affordance distribution for a given
craft, then, is partially constructed from the current and
predicted location of the scout cratt. A similar method 19
used to avoid collisions betveen the £five craft, ¢to cootd;'
inate times at vhich the five craft return to home base, and
to make sure that each object and search region is allocated
to at most one friendly craft.

Another example of "higher 1level®™ behavior that is
generated by sensitivity to environmental affordances in the
model is planning the future activities of the f£ive craft.
Poxr planning, the identical set of perceptual mechanisas
that provide for current craft action selection is used.
Yhat is changed, though, is the information to which these
mechanisas are applied. The model selects future activities
for each of the craft by forvard simulation of the vorld
based on difference equations that specify vorld dynamics.
These equations describe hov the vorld state (the existence

of cargo and enemy craft) and the friendly craft state



89
(locations, fuel 1levels, missiles, cargo carried) change
over time due to scout and friendly craft activities. Using
these equations, the vwvorld is essentially advanced to a
future time point, and the perceptual mechanisas operate by
assessing the affordances that vill exist in this future
vorld. The relevant future time points are the end points
of current or already planned activity. The psychological
mechanisa that is assumed to provide this function for the
human crevs is visual imagery. There is some evidence (and
much more conjecture) that the same perceptual mechanisas
that are responsible for abstracting information £from the
environment can be partially stimulated in a top-down aode
to produce visual imagery (Neisser, 1976).

The selection of friendly craft is gquite simple: each
craft is commanded to take the action that has the highest
affordance. As described in the previous chapter, an
affordance is a relation of the interaction betwveen the
environment and an organism's capability for action. The
vay in vhich the environment can differentially support
actions has been mentioned above, but the organisa's side of
the relation needs to be discussed. One important set of
information to vhich friendly action decisions nust be
sensitive is each craft's resources (fuel, missiles, veight
carxying capacity). Sensitivity to this (informatlion is
nicely couched 1in ecological terms by noting that a craft's

resource levels essentially détetline the craft's capability
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for action. That is, the different actions that a craft is
capable of executing at a particular time vill be partially

Adetetllned by the craft's resource levels. For example,

vhether or not a craft is capable of 1loading a cargo or
attacking an enemy is affected by its veight capacity and
number of missiles. The resource information, then,
comprises the craft's capability for action, the environ-
mental structure determines the degree to vhich each of
these actions 1is provided by the environment, and the

affordance for a given action is a function of the inter-

action betwveen these tvo factors. H;gh affordance levelg
arise vhen the craft is capable of performing an action made
available by the environaent, and lov affordance levels are
characteristic of a mismatch betveen a craft's capabllities
and the environmental structure.

Thus, a sensitivity to the affordances in the simulated
vorld is the unitary, context-specific mechanism by wvhich
the model performs the tasks of decision-making, coordin-
ation, and planning. Pev of the formal features that would
typically be exploited by operations researxrch or artificial
intelligence methods to differentiate these Iinformation
processing problems are reflected in the model. On the
other hand, the action selection components of the model can
be interpreted vwvithin the framevork of multi-attribute
utility theory (MAUT) descriptive models of human decision-
making (Raiffa, 1970). The similarity 1is due to the fact

Co?—-
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that the processes used here to integrate the affordance
levels of sub-actions into a resultant affordance level for
the total action can be interpreted as combining multiple
utilities for the individual attributes of the action. The
modeling approach adopted here for action selection, then,
need not be considered at 6dds vith MAUT modeling. Rather
it can be vieved as a vay of supplementing the MAUT approach
by aiding in the 1identification of the relevant problem
attributes via vieving the probleama in affordance oriented
teras, and by indicating hov the problems of choice,
planning and coordination can be approached vithin a slnqlg
framevork and in a manner consistent vith the character-
fization of the Iinformation processing underlying skilled

performance that vas discussed in the previous chapter.

8tructural Description

The model structure can be decomposed into three majox
components: the perceptual mechanisas, the selection mech-
anisms, and the action wmechanisas. The perceptual mech-
anisas, defined qualitatively in the previous section,
process the displayed information and produce affordance
oriented information concerning the attractiveness of each
of the actions avallable to the scout and each of the
friendly craft. The selection mechanisa accepts the
affordance information for each of the craft and determines

required present and future actions. The action mechanisas
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accept the required craft actions and are responsible for
simulating the physical and visual operator activities at
the interface that are required to implement these actions.

Figure 9 on the folloving page schematically depicts
the model decomposition into perceptual, selection, and
action processors. For the perceptual and selection
processors, the diagram also (indicates the individual
mechanisms that make up each type. The action mechanisas
are not decomposed in this dlagram. A detalled description
of the entire set of action mechanisas vill be provided
separately in a later section of this chapter. VWhile each
of the mechanisas in the diagram vill be described in more
detail in the folloving section, it 1s necessary to first
describe them at a gross functional 1level to 1nd1gate the
global organization of the model.

The tvo top perceptual mechanisas, the scout seaxch
affordance and scout locomotion affordance mechanisas
provide the 1information upon vhich the scout search path
selection mechanisa determines search paths for the scout
craft through the simulated wvorld. The search affordance
mechanisa operates by creating a spatially distributed
affordance mapping of the vorld, vhere the affordance of i
vorld location is determined by the effectiveness of scout
radar centered at that location for sighting possible cargo
and eneay craft. The locomotion affordance mechanism

creates a spatial mapping of the vorld, vhere the affordance
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of a wvorld location 1Iis determined by the speed vith vhich
the scgut can be f£lowvn through the trees at that location.
The scout vaypoint selection mechanism operates on the
additive combination of these tvo affordance maps and
selects a desired next vaypoint for the scout craft. The
primary output of this selection mechanisa 1is to the scout
action mechanisa vhich implements the scout search plan by
performing the control actions necessary to actually move
the scout to the desired vaypoint. In a complete model,

this task would be performed by a control theoretic model
capable of accepting a desired vaypoint and producing the

manual control activity necessary for reaching |it. In the
present model, though, this task is approximated by simply
moving the scout in a series of very short steps (0.06 miles
each). The method by vhich these steps are deterained will
be discussed in the description of the scout motion action
mechanism in a later section.

The next four perceptual processors in Figure 9 are
responsible for providing the affordance Iinformation upon
vhich search vaypoints for the four friendly craft are
selected. The friendly search affordance processor produces
a map similar to the scout search affordance map. The
affordance level of a vorld location on the £friendly search
affordance map indicates the desirability of searching the
area that would be covered by friendly craft radar along the

linear path to the vaypoint location. The affordance is a
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function of the 1linear path because the selection of a
vaypoint is actually the selection of the linear route along
vhich the friendly craft should travel. The friendly
collision affordance processor creates a spatially dist-
ributed affordance map that signals areas of potential
collision wvwith other friendly craft. The scout-friendly
coordination processor creates a spatially distributed
affordance map that indicates regions of high value due to
the fact that they are near the current or predicted scout
craft 1location. The £friendly range affordance processor
produces a spatial map of the vorld that indicates the areas
in the vorld that are in range of the friendly craft; i.e,
those to vhich the friendly craft may travel and still have
enough fuel to either last till the end of the mission or
return home to resupply. The friendly vaypoint selection
processor accepts the combination of these four affordance
maps and selects a search vaypoint for the craft.

The bottom six perceptual mechanisas produce affordance
information upon vhich object (cargo, eneay craft, and home
base) selection decisions are made. The cargo affordance
indicates the degree to vhich a cargo at a specified
location affords being loaded by a friendly at a specifled
location vith a specified amount of resources. Consider-
ations in this affordance calculation 1include: 1. the
distance betveen the friendly and the cargo;‘z. vhether the
friendly has enough fuel to load the cargo and take it to
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home base; 3. vhether the friendly has enough velight
carrying capacity to successfully load the cargo; 4. vhether
the friendly has enough mission time to load and unload the
cargo at home base; and 5. vhether the cargo is already
allocated to another craft.

The fixed enemy affordance perceptual asechanisa
indicates the degree to vhich a fixed ground enemy at a
specified location affords being attacked by a friendly
craft at a specified 1location wvith specified resource
levels. The factors that are included in this calculation
include: 1. vhether the friendly has enough missiles tp
attack the enemy; 2. vhether the friendly is carxying cargo
(that should not be 3Jjeopardized by such an attack); 3.
vhethexr the friendly has enough fuel/time to travel to the
enemy and return home; and 4. vhether the eneay craft has
already been allocated to another friendly craft.

The home base affordance perceptual mechanisa indicates
the degree to vhich returning to home base 1is a desirable
action for a friendly craft. This calculation is based on:
1. the number of cargo that need to be unloaded; 2. the
number of wissiles carried by the friendly; and 3; the
amount of fuel the friendly craft has remaining.

The collision affordance perceptual mechanisa |is
charged vith detecting potential collisions betveen friendly
craft, and therefore indicating the degree to wvhich evasive

action is required.
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The mobile enemy affordance wmechanisa indicates the
degree .to vhich an eneay tank or helicopter affords being
attacked by a friendly craft. In the case of the friendly
craft, this mechanisa is quite simple since attacking is
maximally afforded vhen a friendly craft is locked-on by
eneay radar, since escaping these enemies is quite difficult
to accomplish. In the case of the scout vhich can sight
these enemies at an extended range (unlike the friendlies),
the affordance calculation is slightly more complicated.

The friendly-up affordance perceptual processor
indicates vhen a command should be given to a friendly craft
to rise above tree level, as craft speed is increased above
tree level. This perceptual mechanism operates by detecting
vhen friendly craft are traveling very slowvly .thzough
heavily forested regions.

S8ome of these mechanisms vwvould appear to require the
integration of information from memory with information froa
perceptual sources. Therefore, there would seem to be a
problem wvith describing these mechanisas as entirely
perceptual, rather than perceptual-cognitive, 1in nature.
One veakness of this work is that the distinction betveen
operations on perceptual and memorial information is not
clearly maintained. Rather, it has been assumed that the
same type of information integration operations can be used
for describing the use of information from both perception

and memory. As a result of this assumption, this research
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may not adequately treat possible information processing
limitations related to constrained amemory resources.
Nevertheless, the assunpttqn that 1identical operations arxe
used to integrate information £from both perceptual and
memorial sources will be maintained throughout this wvork.

The outputs of all these perceptual mechanisas are made
available to the object selection mechanisa. This mechanism
sexves to resolve potential conflicts betveen nmultiple
friendly craft, and to plan futute craft activities. The
output of this mechanisa 1is a series of commands to the
friendly craft action mechanism vhich simulates the physical
interface actions necessary to implement these desired
friendly craft activities. Given this understanding of the
global organization of the model, the vay in vhich each of
these perceptual, selection, and action mechanisas operate

can nov be described with greater precision.

tio n

The model employs perceptual, selection, and action
mechanisas. In abstract teras, perceptual mechanisas
provide a mapping from the rav, displayed information into
affordance information that s presumably highly relevant
for the task of action selection. One wmetric of the
efficiency of these mechanisas is, then, the degree to which
they allov for simple action selection mechanisas. A

detailed characterization of the perceptual, selection, and
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action mechanisms is required to demonstrate exactly hov the
simplicity of selection mechanisas can be achieved by the
design of action-oriented perceptual mechanisas.

As suggested by Figure 9, an approximate decomposition
of the model structure can be made along subtask lines: the
scout wvaypoint generation subtask, the friendly vaypoint
generation subtask, and the object (cargo, enemy craft, and
home base) selection subtask. The followving description of
the processing mechanisas follovs this decomposition and

begins wvith the scout path planning subtask.

Scout Waypoint Generatjon Mechanisms

The task of path planning for the scout craft involved
selecting a route through the vorld that maximized the
number of cargo and enemy craft discovered vith the scout
radar. The £folloving general heuristics describe the
consensual expert behavior (obtained from post-hoc inter-
vievs of skilled crews). The route plan should: 1. Cover as
mauch of the forested regions as possible vith scout radar
(object densities vere higher in forested regions); 2. Avoid
traveling through the forests as much as possible (due to
slover average speeds through the forest caused by the tree
avoidance task); 3. Return to home base about tvo thirds
through the mission to refuel; and 4. Avoid "backtracking"
as nauch as possible (to emphasize previously unsearched

regions).
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FPigure 10 indicates the search paths generated in the
same vgzld by the twvo crews wvho used manual control of the
scoué (Cxevws B and 2). The path generated by Crev 2 that
appears in PFigure 10 vas chosen for illustration because it
included a minimum number of deviations to process cargo and
enemny craft for this crev. S8uch deviations obscure the
degree to vhich the route of the scout is indicative of the
Crev's desired search path for the scout. The path included
for Crev 1 vas chosen because it vas based on the same wvorld
configuration used for Crev 2.

Note the similarity between these paths in that thg
same genezal} routes vere £followed by both crevs, although
the direction of travel along these routes vas somevhat
different. Both crevs visited the same general vorld
locations and tended to stay close to the forest boundaries
during travel betwveen these 1locations. This "boundary
hugging™ behavior probably resulted from the interaction of
the set of competing constraints on path generation dis-
cussed above in the characterization of the consensual
search strategy. 1In addition, both crews avoided backtrack-
ing, and they both managed to refuel about tvo thirds
through the mission. There is evidence to suggest that the
task of planning these routes vas completed in no more than
tvo or three seconds, as crevs often verbalized the results
of their path planning processing vithin a fev seconds after
initially vieving the map display at the start of a session.
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Search paths produced in World 3
by Crev E (top) and Crev 2 (bottom)

rigure 10

CRIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH



102

As vas mentioned in the previous section, the model

elployg tvo perceptual affordance mechanisas to transform
the displayed information into action oriented informatlion.
The scout search affordance mechanisa provides a map of the
100 square mile displayed vorld that indicates the degree to
vhich each wvorld location afforded sighting cargo and enemy
craft vith radar. The scout locomotion affordance mechanisa
provides a map of the vorld that indicates the degree to
vhich each vorld location afforded speedy locomotion. The

combination of the tvo maps vas then used by the search path
selection mechanism to provide path planning. )

Subjects also received briefing report information a£
the beginning of each session concerning the probable
locations of cargqo and eneay craft. It vas originally
hypothesized that subjects wvould be sensitive ﬁo this
information in their selection of search paths. 8ubsequent
analysis, though, did not yleld any evidence that subjects
used the briefing information, so this information vas not
included in the model.

The diagrams on the followving four pages indicate the
search, locomotion, and total affordance maps vhen applied
to each of the fbur vorld configurations used in the
experiment. The picture in the 1lover left corner of each
figure shovs the vorld as it wvas presented to subjects on
the computer display. The white (non-fétested) regions vere

showvn in brown, the moderately dark (lightly forested)
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i
Search Total
Affordance Map Affordance Map

World 1 Locomotion
Configuration Affordance Map

Affordance maps for world 1

Figure 11
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Searxch Total
Affordance Map Affordance Map

World 2 Locomotlion
Configuration Affordance Map

Affordance maps for world 2

Figure 12
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S8earch Total
Affordance Map Affordance Map

World 3 Locomotion
Configuration ‘ Affordance Map

Affordance maps for world 3

Figure 13
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~ geaxch : Total
Affordance Map Affordance Map

: World 4 Locomotion
; Configuration Affordance Map

Affordance maps for world 4

Figure 14
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regions wvere shovn in 1light green, and the dark (heavily
forested) regions wvere shown in dark green. The picturxe in
the lover right corner of each figure depicts the locomotion
affordance map based on this vorld configuration that vas
produced by the scout 1locomotion affordance mechanisa.
Darker regions on this map indicate areas of higher loco-
motion affordance. This {s essentially an inverse mapping
of the original display since open regions resulted imn high
search affordances vhtie heavily £forested regions resulted
in lov search affordances.

The picture in the upper 1left corner of each figure
shovs the affordance msap that wvas produced by the scou%
search affordance mechanisam. To construct this map, a four
dimensional vector wvas associated vwith each vorld location
to indicate the percentage of area that would be covered by
scout radar that vas open region, lightly forested region,
heavily forested region, and beyond the boundary of the
simulated wvorld. Por each point, the inner product of this
vector and a seaxch affordance vector is taken to determine
the total search affordance of the vorld location. The
search affordance vector wvas the same for each vorld
location and indicated the perceived density of objects
within each of the four regions. Darker points on this map
indicate a higher coverage of forested regions with scout
radar centered at the point.

The result of combining (and rescaling for clarity)
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these tvo affordance maps 1is shovn 1in the picture in the

upper right corner of each figure. This map indicates the
degree to vhich each vorld location affords both actions of
locomoting and sighting objécts collectively. This map vas
produced by adding the affordance values of the tvo previous
maps under a constant veighting scheme. This process of map

superposition as a method of value integration is similar to

"one discussed by McHarg (1971) for ecological planning of

highvay routes.

FPigure 13 shovs thé maps produced vhen applied to the
same vorld shovn in FPigure 10. Notice that the peak (dark-
est) areas in the total affordance map in Figure 13 roughly
correspond to the regions covered by the tvo crews' paths.
This total affordance map is the information upon vhich the
scout vaypoint selection mechanism operates. The scout
vaypoint selection mechanisa operates by considering only
the peak areas in the total affordance map as candidate
search vaypolints £for the scout. At the beginning of the
mission, a search and evaluation mechanisa cycles through
these peaks to select a search plan for the mission that
satisfies tvo path planning criteria in addition to the
search and locomotion criteria provided by the perceptual
lechanls-s} These twvo additional planning constraints
ensure that the selected path ainimizes backtracking through
previously searched regions and passes through home base in

the middle third of the mission for refueling. The path
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plan that visits all the peaks and maximizes searched area
subject to the backtracking and refueling constraints is
chosen. Although the need for generation and evaluation of
action alternatives has not been eliminated, the perceptual
affordance mechanisms radically decrease the size of the
space of action alternatives that must be considered by the
evaluation process by providing a small set of peaks
(typically about ten) as vaypoints. Routes among these
vaypoints are much more quickly evaluated than wvould be
routes among a set of candidate vaypoints provided by a
discretization of the vorld vithout regard to search and

locomotion affordance information.

Priendly c:aft ¥aypoint Generation Mechanisas

The mechanisms for friendly craft vaypoint generation
operate in a similar fashion by constructing independent

affordance maps and then combining them to produce a total

affordance map. Friendly craft are given search commands by
the specification of a wvaypoint on the map display via the
manipulation of the map cursor and typing a search comamand
on the text editor. The four perceptual affordance mechan-
isms that provide the (information on wvhich this task is
performed include the friendly search affordance, friendly
collision affordance, friendly-scout cooperation affordance,
and friendly range affordance processors. Recall that the

scout search affordance processor determined the search
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affordance of a vwvorld location by summing the search
affordances of all the vorld points that wvere vithin scout
radar radius of the location. The friendly search afford-
ance processor also operates by summing search affordances,
although the dimension along vhich the summation is per-
formed is different.

8ince assigning a friendly craft vaypoint deteramines a
linear path of travel from the initial craft position to the
vaypoint, it 1is clear that vaypoint selection is actually

the selection of a linear route of travel, vhere the search

vidth of this route is the zradar radius of the friendly
craft (0.4 miles). The individual affordance values tha%
are summed to determine the search affordance of a given
vorld location are the affordance values of the wvorld points
contained vithin the 0.4 mile vide rectangular region traced
out by the craft's path to the vaypoint. Therefore, unlike
the map produced for the scout, the affordance map used for
friendly craft vaypoint selection is a function of the
initial craft position, and therefore must be created each
time the vaypoint selection task is initiated.

A second affordance map 1is produced by the friendly
collision affordance perceptual mechanisa. This mechanisa
produces an affordance map that is binary valued. Areas of
potential of collision vith other craft (determined by the
planned trajectories of the other craft) receive =zero

affordance value, and all other areas recelive unit value.
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In the map combination process, a multiplicative rule is
used to integrate this map vith the others, so regions of
possible collision are excluded from consideration.

A thlrd affordance map for the task of friendly craft
vaypoint selection is produced by the friendly-scout
cooperation affordance mechanisa. To describe crews vho
appear to spatially coordinate the scout and friendly craft,
this mechanisa can be used to provide an identification of
those vorld 1locations that, given the planned scout path,
afford simultaneous searching by the scout and friendly
craft. The specified area is the locus of wvorld points that
can be simultaneously covered by both friendly craft and
scout radar. Like the collision affordance map, this map is
also binary valued, although the affordance values on this
map are summed vith the other maps, rather than multiplied,
so that points vhere no coordination is achieved receive no
additional value but are not excluded from consideration.

The final perceptual mechanisa used for friendly craft
-vaypoint selection 1is the friendly range affordance mech-
anisa. This nmechanisa also produces a binary valued
affordance map, vhere unit value is assigned to those points
that are vithin range of the friendly craft, and zero value
is assigned to those points that are outside of the craft's
range. In the condition vhere a craft has enough fuel to
last until the end of the thirty ainute aission, all vorld

points are considered to be in range. When this condition



112
is not met, a vorld location is determined to be in range |if
the craft can reach the vorld location and also travel from
the location to home base to refuel. The locus of all such
points defines aniellipse vith foci at the £friendly craft
and at home Dbase. The eccentricity of the ellipse is
determined by the relationship betveen the craft's fuel
level and 1its distance £from home base. The affordance
values from this map are multiplied with the values from the
other three maps so that vorld locations that are outside of
the craft's range are excluded from consideration.

The friendly vaypoint selection processor operates on
the combination of these maps under the additive or Iﬂlt:
iplicative rules described above. As vas the case vith the
scout search path selection mechanisa, the vaypoint sel-
ection mechanisam is quite simple. The mechanism operates by
selecting as a vaypoint the vorld 1location from the total
affordance map vith saximum affordance value. One result of
the vay that the affordance maps are constructed is that,
given that wvorld border locations are vithin range and not
potential collision points, friendly wvaypoints selected
undexr the method described above vill alvays be world border
locations. This result arxises due to the fact that the
search affordance function is alvays non-decreasing as the
distance from the friendly craft increases, due to the

summation of affordances along the linear routes.
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As vill be described in the folloving chapter, the
vaypoints generated by crevs do not follov this pattern, as
subjects wvere treluctant, for some as yet unidentified
reason, to send frlendly craft close to the borders of the
sinulated vorld. Therefore, an ad-hoc constraint placed on
the selection of friendly craft vaypoints vas that vorld
locations that vere close to the world borders vere excluded
from consideration. If the reason for this behavior could
be identified, or even soundly hypothesized, a perceptual
affordance mechanisam could be easily constructed that wvould
produce a binary valued map that could be nmultiplied vith
the affordance values of the other four maps to exclude

these extreme locations.

Objec an cha
The tvo search oriented components of the modeling

structure have nov been described. The remaining component

is the set of perceptual and selection mechanisas that
describe the =method by vhich goal objects (cargo, enemy
craft, and home base) are assigned to friendly craft, and
the action wmechanisas that allov these actions to be imple-
mented by simulating the crews' physical 1interaction with
the interface.

The perceptual affordance mechanisms devoted to the
object seiection task include the cargo affordance, fixed

enemy. affordance, home affordance, collision affordance,
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mobile enemy affordance, and friendly-up affordance per-

ceptual processoxs. These nmechanisas determine the degree
to vhich particular objects afford actions of various types
to friendly craft depending upon the particular friendly
craft resources. With the exception of home base, each type
of object defines one type of affordance, since only one
type of action is associated vith each object type (i.e.
cargo afford loading, enemies afford attacking, potential
collisions afford evasive action, and friendlies moving
slovly to avoid trees afford being sent above tree level).
Home base, on the other hand, affords three types of
actions: refueling, resupplying missiles, and unloadlnb
cargo. -A.hlqh affordance for any one of these actions can
be sufficient reason to be sent to home base.

As vas the case vith the perceptual mechanisms de-
scribed earlier, one role of the object pexceptual afford-
ance mechanisas 1is to simplify the problem of the object
action selection mechanism. The task of determining an
efficient allocation of craft to vorld objects can be vieved
as a complex optimization problea. One wvay that a sen-
sitivity to affordances can reduce the complexity of an
optimization problem vas discussed above in reference to
scout wvaypoint selection, vhere use of affordance infor-
mation resulted in a drastic reduction 1in the size of the
problem space to be searched. A sensitivity to affordances

can also reduce the complexity of an optimization problem by
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decomposing that problem into a large number of relatively
simple, independent sub-problems. Rach of the sub-problems
is the assessment of an action-environment relation, and
vill reflect both the desirability of a particular action as
vell as the degree to vhich it can effectively be performed
given the specifics of the environmental situation.

Problems of optimization almost invariably involve a
minimization of resources to achieve a fixed objective, or a
maximization of an objective function given fixed xesources.
That is, they zéquize an integration of costs and benefits
at some point in the computation using a common scale of
measureaent. Affordances serve a similar function. 8Since
they are measures of the desirability of taking a specified
action in a specified environment, they provide implicit
tradeoff evaluations that result in a one-dimensional
measure of both the benefits and the costs of the action.
They do this by reflecting both the desirablility of the
action (the benefits) and the degree to vhich the environ-
ment allovs for effective performance of the action (the
costs). To suggest that the perceptual mechanisas are
attuned to affordances, then, is to imply that the necessity
for explicit trade-off comparisons 1is reduced, due to the
fact that the perceptual mechanisms perform an implicit
cost-benefit evaluation. This {is one explanation of hov

attunement to afford&nces can reduce the burdens on an

_information processing system that 1is charged vith a task
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that requires the comparison of costs and benefits in the
aelectgon of action.

The object affordance perceptual mechanisas are
concrete examples of this pilnclple in operation. The cargo
affordance mechanisa provides a scalar value that is
indicative of both the desirability of 1loading a particular
cargo and the ease vith vhich this task can be performed.
The affordance is actually a scalar measure that reflects a
combination of both these dimensions. These dimensions are
reflected in the cargo affordance mechanism by the fact that
the cargo affordance 1is increased with decreased dlstancg
betveen the friendly craft and the cargo. One of the costs
involved in 1loading a cargo is the time 'spent by the
friendly to perform this task, and this time decreases vith
decreased distance to the cargo. Another potentlalncost is
losing the friendly czaét by running out of fuel on the vay
to load or unload a cargo, so the cargo affordance mechanisa
provides a zero vaiue in this condition. On the benefit
side, the payoff for the cargo can only be achieved if the
craft has enough time to return the cargo home, and enough
missiles to defend the cargo (and friendly craft) from being
destroyed, thetefoz§ the affordance mechanisa 1is also
sensitive to these considerations. Of course, the decision
as to vhich dimensions of an action are to be considered
costs and vhich factors are benefits does not seem to be an

objective property of the action; rather {t appears to



117
depend upon the goal structure that the action serves and
other contextual factors.

The fixed enemy affordance mechanisa operates in a
similaxr fashion. Considerations to vhich this mechanism is
sensitive are the distance betveen the £friendly craft and
the fixed enemy, the number of missiles possessed by the
friendly craft, the number of cargo carried by the friendly
craft that might be sacrificed due to an unsuccessful attack
action, the friendly craft's fuel 1level that determines
vhether the eneay is in range, and the mission time remain-
ing in the case that the friendly craft vill have to return
home before the end of the mission. The affordance mech-
anisa produces a scalar measure of the coabination of this
entire set of factors. The detailed operation of this and
each of the mechanisas discussed belov vill be described in
greater detail in the folloving chapter.

The mobile eneay affordance mechanisa is much more

simple due to the fact that, at the point wvhen attacking
mobile enemies is a feasible action for a friendly craft,
the mobile enemy 1is endangering the existence of the
friendly craft. Thus, unless the attack action is taken,
the friendly craftt wvill typically be destroyed. Therefore,
a maxiaum affordance value is associated with lock-ons vith
mobile enemy craft, othervise a zero value is assigned to

this affordance.
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The home base affordance mechanisa is more complicated

due to.the fact that home base affords three types of
action. The craft may return home to refuel, to resupply
vith missiles, to unload cargo, or any combination of these
three activities. Therefore, separate affordance cal-
culations are made for each of the three possible actions,
and the resultant affordance values are then combined into a
single measure by the use of a rule that contains both
additive and wmaximization components. The additive com-
ponent is due to the fact that the three affordances can
combine in a wvay that, although none of the affordance
values on its owvn is high enough to suggest that the czaf&
should be sent home, going home still might be desired due
to a combination of needs. The nmaximization operation
arises because any one of the three affordance dimensions,
though, is sufficient for requiring a home action, regard-
less of the values along the other twvo dimensions.

It would appear at least theoretically possible to
eliminate the maximization component of this wmechanisa vith
an appropriately designed additive operation. An additive
rule can be used to allov for a high input value on one
information dimension to be sufficient, on its ovn, for the
generation of a high output value. The maximization
operation vas used, though, because it provides an implicit
thresholding function that cannot be performed by an

additive operation alone. The reason that thresholding vas
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desired vas to allov a very high value on one dimension to
null the values on the other dimensions 1in the output
calculation. Consider, for example, the situation vhere
it vas absolutely necessary that a craft return home to
refuel, resulting in a maximum home affordance value. The
use of a wmaximization operation 1in this situation vould
yield the same (maximum) affordance value regardless of the
values on the other input dimensions. 8ince the lack of
fuel made it absolutely necessary that the craft return
home, an additional need to unload a plece of cargo, for
example, could make it no "more"™ necessary that the craft
return home. .

The final tvo perceptual affordance amechanisms help
determine vhen tvo additional friendly actions should occur,
although these actions do not have an associated vorld
object as do the actions discussed above. One of these is
the collision avoidance affordance mechanism, vhich is
sensitive to potential collisions betveen friendly craft. A
high affordance value indicates that a potential collision
is iaminent, and suggests that a collision avoidance action
should be implemented. This mechanism operates by perform-
ing an extrapolation of each craft's position to identify
potential collisions. The £final affordance mechanisa is
sensitive to situations vhere the friendly craft is travel-
ing slovly due to the fact that it 1is belov tree level and
vithin a forested region. In this situation, the friendly
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craft should be given a command to raise (its altitude to
above tree level. This situation is not highly salient per-

ceptually, as 1t requires repeated observations of the
craft's wmotion on the map display (to generate a speed
estimate) to be identified. Similarly, the affordance
mechanisa that 1is sensitive to this situation 1is pro-
gressive: the affordance value is slovly increased by saall
amounts during the time intexval in vhich the situation
exists. This feature {is implemented by adding a small

number to this affordance value each time the affordance

values are updated vhen the model "looks" at the vorld
display.

These five perceptual affordance mechanisas supply the
information that is used by the object selection mechanisa.
This aechanism operates upon the entire set of affordances
betwveen all craft-action pairs that are made available by
the current, and predicted, wvorld state and detezllngs the
desired current and planned craft actions. For the scout
and each of the four friendly craft, the affordance values
for each action the vorld currently makes available are
calculated based on current vorld state, the vorld state
that is predicted to exist at the end of the craft's current
activity, and the vorld state that is predicted to exist at
the end of the craft's currently planned activity. A given
cargo that 1is discovered, for example, can be allocated to

any one of the friendly craft at any one of three time
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points (currently, immediately following the current action,
or immediately folloving the planned action).

The allocation mechanism operates in the folloving vay.
Let 1, (l-l,S)Azange over the five craft, vhere i=5 desig-
nates the scout craft. The planning horizon for deteramining
craft activity {s assumed to be three actions. (Results of
a sensitivity analysis that suggested that the assumption of
a three action planning horizon vas required to mimic crev
behavior are discussed in the next chapter). Let 3, (I=1,3)
range over the three time slots in the planning horizon for
each craft: j=1 is the current action; 3J=2 1is the first
planned action{ and J=3 {is the second planned action. Let
k, (k=1,N) designate the actions that are made avalilable to
a craft at a given time, vhere N is determined by the
current and predicted wvorld state. Bach k 1indicates a
particular action available to a friendly craft, vhere k=l

might indicate loading cargo #3, k=2 might indicate loading
cargo #12, k=3 amight indicate attacking fixed enemy #7, and

k=4 might indicate going honme.

Nov, let A(1,3,k) be the affordance (provided by the
pexceptual processors) for assigning friendly(l) at time
slot(3j) to object(k). When j=1, the A(i,j,k) are calculated
directly from the current vorld state and the current
resource levels for each of the craft. If a craft is
currently performing an action for vhich a termination time

can be estimated (all actions except search actions vhich
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continue indefinitely), the A(1,2,k) are calculated based on

the vorld state and the craft resource 1levels that are
predicted to exist at this time. The predictions are made
vith a set of simple difference equations that describe
system dynaaics. The equations describe hov craft the
position and resource levels change over time. In the case
vhere a given friendly has been scheduled to perform an
action after the current action, and the scheduled action
also has a predictable teramination tine, the A(1,3,k) are
calculated based on the vorld state and craft resource
levels that are predicted to exist at the initiation of the
thizrd time slot in the planning horizon. .

Bach craft is treated individually wvhen wmaking these
predictions. That is, the mechanisa serially cycles through
each of the craft Iindependently vhen advancing craft to
future time points. Thus, a comprehensive prediction
involving all five craft is not used for planning future
craft actions. Thus, the nmechanisa is not able to plan
future, coordinated activity among the multiple cratft.
Rather, the =mechanisa can only plan future actions that do
not involve coordination. The ability to generate co-
ordinated actions is restricted to actions taken in the
current vorld state. That 1is, the perceptual mechanisas
that are wused to detect coordination affordances are not
used for planning Eutut% actions, since the estimates of

future wvorld states are made for the craft individually.
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g8ince the possibility exists that optimal performance
requires planning coordinated actions, this mechanisa should
be considered as a heuristic, rather than an algoritham.

As mentioned previously, the function performed by this
planning mechanisa {is assumed to be performed by visual
imagery. The reason that the mechanisa vas not designed to
be able to generate planned, coordinated actions concerns an
assuaption about hov imagery might be limited in its ability
to provide veridical simulations of future vorld states.
Although no empirical evidence has been cited to support
this claim, it {s assumed that the human's ability tg
advance the votld.state via visual imagery is <zestricted to
individual craft. ¥Yhen imaging the future trajectory of an
individual craft, it is assumed that crevs cannot i-age the
trajectories of the other craft that appear peripheral to
the craft vhich 1is the focus of attention. 8ince the
perceptual mechanisms sensitive to coordination affordances
requizre information pertaining to the simultaneous location
of multiple craft, the operation of these mechanisams is
assumed to be restricted to processing the currently
displayed vorld state only. VWhile it may be the case that
humans are capable of simultaneously 1imaging the future
states of wmultiple objects (e.g., highly skilled chess
players imaging the future 1location of mnmultiple chess
pieces), this capability is not assumed to be operative in

this experimental task.
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After these predictions have been wnade, the three
dimensional array A(i,3,k) indicates the affordance values
for each of the five craft at each of the three time slots
for each of the actions that the vorld makes available. A
comparison of these values is required due to the fact that
objects supporting vorld actions (cargo and enemy craft) are
"consumable® and cannot be allocated to more than one
friendly time slot. The action selection mechanisa operates
by assigning the most appropriate action to each friendly
time slot under the constraint that wmultiple actions
requiring the same wvorld object are not allowved. That is,
cargo 03; for example, cannot be allocated to both f:lendl}
#1 and friendly #2, nor can it be allocated to both friendly
#1's current time slot and friendly #1's second time slot.
For the object action selection mechanism, alternatives
need to be compared so that the same object is not allocated
to multiple craft. These comparisons are necessary due to
the fact that the problem decomposition used to create the
perceptual affordance mechanisms did not result in complete-
ly independent sub-problems. The selection wmechanisa is
required, then, to deal vith the Iinteractions betveen the
solutions to the sub-problems caused by the fact that the
problem decomposition vas not entirely clean.
To satisfy the exclusivity constraint, the folloving
heuristic is used to determine the allocation of consusable

objects based on the affordance values in array A(i,7,k).
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Simaply sald, the heuristic tries to assign the "best"
friendly (as determined by its location and resource levels)
to each consumable object. For example, let k=1 be a
consumable object that should be assigned to a craft. Given
the current vorld state and the current and planned activ-
ities for the five craft, affordance values for this cargo,
A(1,3,1), are determined for each craft(i) and time slot(j).
The heuristic makes use of the folloving policy to
determine to vhich craft time slot each consumable object

should be assigned. The heuristic is defined below.

1. Let OMAX(1i3J) = m, if Max(A(i,3,k), (k=1,n]) = A(1,I,n)

That is, action(m) is the best action for friendly(i)
in time slot(3).

2. Let PMAX(k) be the ordered pair (£,t) if:
Max(A(i,3,k), (i=1,4), (3I=1,3)) = A(f,t, k)

That is, the best craft time slot for action(k) is for
friendly(£f) at time slot(t).

3. Allocate action(k) to friendly(i) at time slot(3) 1f
1. OMAX(1,3) = k and;
2. PMAX(K) = (1,3)
That i{s, allocate action(k) to friendly craft(i) at time
slot(jJ) 1f action(k) is the most highly afforded action
for friendly(i) at time slot(j), vhen considered across
all avallable actions; and friendly(i) at time slot(3J)
is the highest affordance for action(j) considering
all friendlies and time slots.
Allocation of consumable objects to craft 1s quite simple
under this heuristic. The heuristic is motivated by

considering hov a human supervisor might allocated tasks to
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a staff of people (the five craft) vho vary in thelir

abilities to perform those tasks (craft 1locations and
resource levels). The goal is to "find the best person for
the job", and to sinultaneodsly "find the best 3job for each
person®. Nov, vwvhen the allocations made under these tvo
principles agree, the allocation task 1s easy. FPFor example,
consider vhen a nev task is added to the job queue and the
hypothetical human supervisor aust assign it one member of
the support statff. The people comprising the staff may
differ in their ability to perform the task so the super-
visor would like to £ind the person vho can perform the tas!
most efficiently. On the other hand, the supervisor does
not vant to assign the task to a person vho is better used
to perform a different task. Sally, for example, might be
the most highly skilled computer programmer on the staff.
Assumaing that she is not already perforaming other program-
ming tasks of more importance than the nev task, the nev
task would most likely be allocated to her.

Pxoblems can arise, of course, vhen the most highly
skilled person for the task is unavailable. In this
situation, the heuristic described above leaves this task
unallocated. To deal wvith this situation, the human
supervisor might try to f£ind the next most competent staff
member. This operation 1is accomplished by adding the
folloving feature to the allocation heuristic: vhen a craft

has a more highly afforded action in a given time slot than
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the nev object that needs to be allocated, the affordance
for the object is nulled because the craft has a more highly
afforded action. Returning to the example of the human
supervisor, this rule says that vhen a task 1is best per-
formed by 8ally, but Sally 1is busy wvith more important
tasks, the affordance that 8Sally feels for the nev task,
even though she is the most competent performer of the task,
is essentially zero. 1In this vay, Sally no longer competes
for the nev task, and another staff -eibez can assume the
role of the most competent performer Adue tb S8ally's unavail-
ability. The friendly craft are allocated ¢to consunablg
vorld objects (tasks) using the same scheme. It should be
rolenbeted, though, that the competition for objects is not
only betwveen craft but also betveen the time slots for each
craft.

For example, consider a situation vhere craft 1 1is on

its vay to home base to refuel and resupply vith missiles.

Assume a cargo is thenvdlscovered and the affordances for
this cargo for each of the craft are identified. Craft 1
might have the highest cargo affordance value among the five
craft, yet (it might have an even higher home affordance
value due to its need for missiles. 1In this situation, the
heuristic described above would null craft 1's current
affordance value for the cargo so that other craft and otherz
craft 1 time slots can compete for the cargo. For example,

craft 2 might nov have the highest cargo affordance value so
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the cargo vould be allocated to craft 2. On the other hand,
it might be the case that the highest cargo affordance value

vould be possessed by craft 1's second time slot, indicating
that craft 1 should load the cargo after it is refueled and
resupplied vith missiles at home base.

In a different scenario, craft 1 might be locked-on by
an eneay helicopter during its trip home to refuel. Bven
though it has a high home affordance value, the affordance
value for attacking the enemy helicopter would be higher.
In this case, the home action for craft 1 wvould be intex-
rupted and the home action would be rescheduled to the
second time slot (after attacking the helicopter). ’

The frequency vith vhich = the planning heuristic
described above results in nulling affordance values and
intexrupting ongoing activity is determined by the complex-
ity of the vorld situation to vhich the perceptual mech-
anisas are applied. Barly in the mission vhen no cargo or
eneay craft have been sighted and all craft have high
resource levels, the affordance matrix A(1,J,k) wvould simply
indicate a high current affordance for searching for each of
the craft. As a. result, the entries in the matrix cor-
responding to planned actions wvould be zeros, since search
actions continue indefinitely. In the middle of the
mission, on the other hand, many cargo and enemies may have
been sighted and some of the friendly craft may need to

return home for resources. In this situation, the afford-
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ance matrix A(i,J,k) may be nearly full of non-zero values,
teflec?ing the complexity of the task environment. Although
it may be possible to hypothesize a relationship betveen the
situation-dependent complexity of the manipulations on the
affordance matrix and dynamic measures of mental wvorkload,
this issue vas not addressed in this research.

To illustrate hov the affordance values in the matrix
A(i,3,k) depend upon the current vorld situation, refer to
Figure 15 on the followving baqc. This £figure indicates a
possible vorld situation and the corresponding approximate
atfordance values that vould be generated by the potceptua}
mechanisas. The array of distributions at the top of th;
figure 1s a graphical representation of the affordance
matrix A(i,3,k). Bach rov (1) represents a craft, vith the
fxiendly craft in the top four rovs and the scout in the
bottom rowv. Bach column (Jj) represents a time slot in the
planning horizon for each craft. From left to right, the
columns indicate the first, second, and thixd actions in the
planning horizon. Bach vertical bar (k) wvithin each
distribution indicates the affordance value for candidate
craft action. PFrom left to right within each distribution,
the candidate actions are going home (H), searching (8),
loading a particular cargo (C1,C2,C3), attacking a red enemy
craft helicopter (R), attacking an orange enemy tank (0),
and attacking a yellov fixed enemy emplacement (Y). For

clarity, the vertical bars assoclated vith any additional
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Figure 1S. At top, the affordance distributions for each craft
indicative of the world situation shown below. F=Friendly craft,
S=Scout, C=Cargo, R=Enemy helicopter, O=Enemy tank, Y=Fixed
enemy emplacement. Large circle indicates scout radar range.
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cargo and enemy craft do not appear in the diagram. Recall

that there vere actually tvelve pieces of cargo, and six
eneny targets of each type. A computer generated dynamic
display of the type shovn in Figure 15 vas used during the
modeling process to observe the model's internal processing
operations.

In the situation shovn in the bottom of the figure, the
scout is in the northwvest region as indicated by the small
circle labeled "s8". Assume that the scout has just been
flovn above tree level, thereby sighting carxrgo C1 and C2
vhich are vithin the 1.5 mile radar radius of the scout,
Por clarity, area covered by scout radar is indicated by the
large circle centered at the scout 1location. A circle
indicating scout radar coverage vas not included on the
vorld display used by human crewvs. Another previously
sighted cargo, cargo C3, is shown in the southeast region of
the wvorld. The four friendly craft are indicated by small
circles labelad Fl-Fd4. The circles labeled “R", "O%, and
"Y" indicate a red enemy helicopter, an orange enemy tank,
and a yellov fixed enemy emplacement, respectively. The
slightly larger, empty circle in the southwest region of the
vorld indicates home base.

The affordance values represented by the heights of the
vertical bars in the array of distributions are specific to
a given craft and a given slot in the craft's planning

hoxrizon. For example, the affordance values in the distri-
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bution at the upper left of the figure indicate the ap-
propriateness of assigning each of the candidate actions to
friendly #1's first time slot. As the affordance values
indicate, the most appropriate current action for friendly
#1 is to load cargo Cl. Assume, also, that this affordance
value is the highest affordance value for loading cargo C1
vhen compared to all other craft-time slot pairs. This
cargo vould then be allocated to friendly #1's £irst time
slot and the affordance values for all other craft-time slot
pairs for loading this cargo would be set to zero.

To shov, though, hov different craft might have differ-
ent affordance values for the same action, the C1 affozdanc;
values for each of the other four craft are shovn in the
remaining rows in the first column of distributions. These
lover cargo affordance values are only meant to be indica-
tive of the greater distances betwveen these craft and cargo
Cl, since ({n this simplified example it is assumed that all
cxaft have enough fuel and veight carrying capacity to load
any of the caigo in the vorld. The affordance values showvn
for loading cargo Cl in the figure, then, are those that
vould occur Jjust prior to friendly #1 vinning the competi-
tion for cargo Cl. Just after this time, the affordance
values for loading cargo Cl for each of the other four craft
vould be set to zero.

The distribution in the second column for friendly #1

indicates the affordance values for each of the candidate
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actions that are predicted to exist at the termination of
the craft's current action. 8ince the current action is to
load cargo Cl, these affordance values indicate the attract-
iveness of each of the candidate actions given the vorla
state that is expected to exist just after friendly #1 loads
cargo Cl. The affordance value for the home action in this
distribution is slightly higher, reflecting the fact that
friendly #1 will then have a cargo (Cl) that needs to be
unloaded at home base. Of even higher value, though, is the
affordance value for loading cargo C2, reflecting the small
distance betveen friendly craft #1 and cargo C2 that is
prxedicted to exist vhen the craft f£inishes loading cargo c1:
It is assumed that friendly #1 has wvon the competition for
cargo C2 as vell, therefore the affordance values for the
other craft for loading this cargo have already been set to
zero.

The distzibutlon in the thirxd column for friendly #1

indicates the affordance values for esach of the candidate
actions that are predicted to exist at the termination of
the craft's second action. Since friendly #l's second
action vill be to 1load cargo C2, the craft vill nov then
have tvo cargo that need to be unloaded at home base. The
high affordance value for the home action in this distribu-
tion reflects this fact. Priendly #l1's third action would
therefore be to go to home base to unload the cargo and

resupply vith fuel and missiles.
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The distributions for each of the other craft should be
interpreted in the same fashion. Friendly #2 is locked-on
by a red enemy helicopter, and the distrxibutions indicate
that this craft should aftack the helicopter and then
proceed to home base. This situation might result if
friendly #2's attack vas expected to deplete its aissile
supply to a dangerously 1lov level. After going home, the
third distribution indicates that friendly #2 should be
given a search action.

Friendly #3 is scheduled to attack a yellov fixed
ground enemy emplacement, load cargo C3, and then travel to
home base, presumably to unload the cargo and resupply vith
missiles and fuel. Priendly #4 is attacking an orange eneay
tank nearxby home base, and 1is then scheduled to search.
Perhaps friendly #4 has Just resupplied vith missiles at
home base and the encounter vith the tank is not expected to
decrease its missile supply to a dangerously low level. The
scout is currently searching and no future scout actions
have been planned.

Once the determination of desired scout and friendly
craft actions is made vith this planning procedure operating
upon information provided by the perceptual affordance mech-
anisas, control actions need to be taken at the interface to
1lplelgnt these actions. The mechanisas responsible for
organizing and producing these actions are described in the

folloving sectioh.
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Action Mechanisas
The model's action mechanisas responsible for sim-
ulating the crevs' physical interaction vith the interface
are shovn 1in Figure 16 on the followving page. The actioh
component of the model is a to;ghly hierarchical arrangement
of mechanisas. Although the mechanisas at the top of the
diagram are more abstract in the sense that they are distant
from the bottom 1level nmechanisas that actually simulate
physical activity, they exist in thelr ovn right, and do not
simply represent higher-level descriptions of the organ-
ization of the activities of the 1lov-level mechanisas.
Rather, they are responsible for managing the £flov of
information to the physical action wmechanisms and for
coordinating physical activities that require nmultiple
physical action mechanisas.
Hierarchically arranged control wmsechanisms have been

used by many behavioral scientists to describe skilled human

action (Jagacinski, Plamondon, and Miller, 1987; Pewv, 1984;
Mackay, 1984; Harvey and Greer, 1980; and Norman, 1981).
One major assumption of this viev is that action control is
distributed in the form of "schemas" (Norman), "motor pro-
grams”™ (Rosenbaum and Saltzman, 1984), or “activity modules”
(Jagacinski et. al.). While each of these constructs is
slightly different, they all share the property that they
possess a degree of autonomous control of action vhich does

not have to be directly controlled at higher 1levels. Bach
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of the actlon mechanisms in the present model can be vieved
as a s;lllax type of construct.

The links betwveen the wmechanisas denote information
flov. In the dlagram, the direction of information flov is
alvays dowvnvard. Por exaample, the most global action
mechanism (at the top of the diagram) is activated each time
any interface activity 1is required. It then deteraines
vhether the need for action concerns the friendly craft or
scout action mechanisms, and sends information dovnvard to
the appropriate mechanisa. Although information alvays
flovs dovnvard in this component of the model, an llpllclp
upvard flov of information does exist through the exteznai
environment. That is, the results of the actions performed
by the lover level mechanisms can become known to the upper
level mechanisas through the perception of the environmental
changes caused by those actions.

The most general action mechanisa at the top of the
diagram is responsible for schedul;ng the possibly competing
demands for scout-related and friendly-related interface
control activity. To perform this function, the action
mechanisa operates upon the output of the action selection
mechanisms. This output is a matrix indicating the desired
activity foxr the scout and each of the frlendly craft. The
action mechanisa is sensitive to changes in this pmatrix. A
change in the currently desired activity for the scout or a

friendly craft indicates that interface activity is reguired
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to bring that craft's activity into conformity with its

desired activity. Bach {iteration, all such changes are
noted along wvith their criticality. 1In the present model,
- the criticality of a potential change of activity directly
corresponds to the affordance 1level of the desired action.
It might, though, be more realistic to assume that the
criticality of a potential change of activity should be a
function of the difference betwveen the affordance levels of
the current and desired actions, although the model has not

been constructed according to this assumption. This

assuaption wvould probably better capture the notion that thP
most important actions are those that resolve the gteatesf
difference betveen the current and desired vorld state. In
the present model, though, the most important actions are
defined to be those that are associated wvith the greatest
affordance level.

Aftex.the most critical change in activity is ident-
ified, either the friendly craft action or scout action
mechanism is activated to perform the Iinterface activities
required to implement the change. The friendly craft action
mechanisms appear on the 1left side of the diagram and the
scout action mechanisams appear on the right side. The
highest level nmechanisms on each of the twvo sides are
responsible for selecting the lowver level mechanisms that
are appropriate for performing the interface activity. Por

the friendly craft, these are the mobile enemy action, cargo
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action, fixed enemy action, search action, and home action
mechanisas. For the scout, these are the load/unload
action, enemy action, and search action mechanisas.

These action mechanisms are directly responsible for
coordinating activity that requires interaction with
multiple interface controls. The Iinterface controls are:
the friendly craft text editor, used to enter action
commands for the friendly craft; the wvorld display cursor
used to enter search vaypoints; the set of pushbuttons used
to activate the editor, to provide real-time modification of
friendly action commands, and to control the scout aueo;
pilot; and the. scout control Jjoystick, used £for manual
control of scout motion.

As discussed in Chapter 111, the crevws differed in the
vay in vhich they interacted with the interface controls, so
some of the action wmechanismas had to be individually
tallored to describe each crev. Crev 1, a one-person crev,
used the autopilot for control of the scout, presumably in
order to cope vith the extensive task demands assoclated
vith having to control both the scout and friendly craft.
Crev B, the expert one-person crev, used manual control of
the scout that wvas intermittently interrupted by editing
sessions for friendly craft control. For the twvo-person
crev, Crev 2, the pilot vas dedicated to the task of scout
manual control, vhile the navigator wvas dedicated to the

task of friendly craft control. 8ince some of the action
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mechanisas in the model are dependent on the crev being

described, a detaliled description of these mechanisas vill
be given in the folloving chapter vhich describes howv the
model vas parameterized in an attempt to aimic the behavior

of each of the human crevs.



CHAPTER VI
PITTING THE MODEL TO HUMAN CREVS

Introduction

This chapter describes hov the model vas parameterized
to mimic the behavior of the three human crevs. Pirst, the
method used to select model parameters is discussed. This
method is guided by both theoretical and empirical consider-
ations. The theoretical considerations refer to identifying
those manipulations of the model that have meaningful psych;
--~0logical interpretations. The empirical considerxations
refer to the need to demonstrate the model's sufficiency
through adequately matching crev behavior. Next, a set of
crev-specific parameter values are described that vere used
to generate model behavior similar to the behavior exhibited
by each of the crevs. In some cases the parameters are
numerical values, but in other cases the value of a para-
meter indicates a particular policy, such as the use of the
autopilot for scout motion control. Naturally, the minimal
set of model parameters vere sought that could be adjusted
to match empirical data. Pinally, the method used to assess
the model's empirical adequacy is described. The results of

the crev modeling are discussed in the folloving chapter.

141 .
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Paxa zation roach
Due to the complexity of the model, some rationale is
needed to guide the identification of the parameters that
can be manipulated to match crev performance. Any division
of the model into constants, parameters, and variables aust
be based on 1implicit (at least) assumptions about the
properties of the psychological wmechanisas to vwvhich the
model's constructs refer. One desire is to account for the
behavioral differences betveen the three crewvs in the most
parsimonious fashion. At a minimum, the characterization of
crev differences in terms of the model's constructs shoulg
be simpler than the characterization of crev differences lﬁ
terms of the empirical data. Consider, for example, the
differences in the sets of condition-action rules required
to differentiate tvo human subjects in a production system
model of problem solving. If these differences cannot be
demonstrated to be a simpler description of inter-subject
differences than a description of inter-subject differences
in purely empirical terms, there are serious questions as to
the theoretical contribution of the production system model.
Thus, one test of the present model is the degree to
vhich it can economically account for crev behavioral
differences in vays that are readily interpretable in teras
of the model's constructs. At the most general level, the
model can be decomposed into perceptual, selection, and

action components. Each of these components can be further
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decomposed into a set of specific mechanisms, as described
in the.previous chapter. The primary goal of this chapter
is to explain hov and vhy particular mechanisms vere chosen
to describe each of the three human crevs.

Most of the emphasis has been placed on the development
of the perceptual components 1in the model. This is due to
the fact that the modeling approach 1is based on vieving
skilled human performance as relying heavily on poverful,
task-dependent, context-specific perceptual mechanisas. The
identification and development of the selection, or central,
comaponents of the model vas secondary. This task vas guided
by considering vhat information-processing tasks could no%
be easily accounted for by the perceptual mechanisms. In
this vay, the role of the selection mechanisms can be seen
to be implicitly defined by the specification of the
perceptual mechanisas. Finally, consideration vas given to

the action mechanisas that vere responsible for simulating

the observable crev activities. Little theoretical consid-
eration has been given to the design of the action mechan-
isms other than the desire to employ a hierarchical struc-
ture with enough flexibility to account for the crevs!'
different physical interface control behaviors.

Given this overview of the modeling emphasis, the
folloving approach for parameterizing the model wvas used.
Pirst, action mechanisms for each crev vere developed in

accordance vith the observable interface control policies
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used by the three crevs. Mean editing times and policies
for scgut and friendly craft control vere identified from
the empirical data. 1In the case of the scout, the relevant
data concerned vhether manual or autopilot contrxol vas used.
For the friendly craft, the action commands entered via the
text editor that vere used to control the friendly craft
vere ldentified. Videotapes of crev sessions vere consulted
to measure average times to press buttons and manipulate the
joystick controlling the cursor on the wvorld display.

Given these easily measured differences betveen crevs,

perhaps the simplest hypothesis to be considered is that thg
array of performance differences identified in the czeb_
profiles could be due entirely to these parameters. This
wvould be an attractive hypothesis from a nethodologiéal
perspective since it would confine the parameterization
search to the action component of the model, allowving the
perceptual and selection components to remain invariant over
different crevs. An analysis of the empirical data,
though, proves this hypothesis untenable. While different
action mechanisas night account for certain performance
differences, such as craft idle time for example, an exam-
ination of the entire crev profiles indicates that the crewvs
also differed in terms of hov vell they made use of the five
craft in wvays that vere independent of the efficiency by
vhich the crevs interacted with the physical interface.



145
For example, Crev 1, the one-person crewv vho used
autopl}ot control of the scout, appeared to have used a
inefficient policy to determine scout activities. As
described in the crew perfo:lance profiles in Chapter II1,
this crev's inability to search the vorld vith the scout 4id
not seem to be entirely due to the scout's decreased speed
and higher fuel usage under autopilot control. Rather,
searching inefficiency also resulted from the fact that Crewvw
1 used the scout to load more cargo than the other one-
person crev, thereby keeping the scout froam searching the
vorld for other cargo and eneay craft.

Another example of crew differences that do not appear
to be the result of differences 1in interface manipulation
skills concerns Crevs 2 and B. Although Crev E vas less
able to keep the scout in motion than the twvo-person crev,
this subject vas able to cover more unsearched area wvith the
scout than Crev 2. This fact suggests that Crev E's scout

search paths vere somehov wmore efficient, although Crewv 2
vas able to search the same total area as Crev E due to
searching performed by the friendly craft. Another sub-
stantive difference betveen these tvo crevs vas that Crev B
vas able to unload a higher percentage of 1loaded cargo than
Crev 2. This appears to reflect a difference in the degree
to vhich the friendly craft could be effectively managed,
and seems difficult to explain in terms of differences in

interface manipulation skills.
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These crev differences have been discussed because they
appear:-to provide evidence that the crevs differed in vays
in addition to any differences that vere observed in terms
of interface lanlpuiation skills. The data cited above seenm
to indicate the presence of crev differences at a strategic
level, rather than as variations in the efficiency wvith
vhich crevs could interact wvith the physical interface. It
could be the case, though, that "lov-level® differences in
interface manipulation skills may be manifested, albeit in

rather complex wvays, in terms of "high-level" strategic

differences. That is, it might be the case that high-level
strategic differences are emergent upon differences in ter-ﬁ
of lowv-level interface manipulation skills.

For example, the strategic differences exhibited
betwveen twvo football teams (e.g., a run-oriented versus a
pass-oriented offense) might be due in 1large part to
differences betwveen the tvo teams in terms of the physical
attributes and execution skills possessed by the teams'
players. The tvo different strategies might be the result
of the same type of strategy selection process simply
operating upon different sets of {information. One such
process might attempt to determine an optimal offensive
strategy as a function of the execution skills of the team's
players. Given teams composed of players with different
sets of skills, different optimal offensive strategies might
be produced by this process.
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It may be the case that this phenomenon could help
explain the strateqgic differences observed in the laboratory
task. If this is the case, it vwvould appear possible to
construct a model capable of determining an appropriate
strategy based upon Iinformation pertaining to interface
manipulation skills. The different strateglies produced by
such a model might be capable, then, of accounting for the
observed strategic differences betwveen the crews in teras of
dlfferenc;s solely at the 1level of Iinterface manipulation
skills. If this approach vere to be taken in the current
vork, the parameters of the perceptual and coqnltiv?
mechanisas might not need to be altered to generate dlffezQ
ent behaviors at the strategic level.
As a matter of fact, this approach has been used to
describe strategic differences betveen crevs in terms of
autopilot usage (Kirlik, 1987). A model vas constructed to

demonstrate that different strategies for autopilot usage

(e.g., dedicated autoplilot usage, dedicated manual control,
svitching betwveen the autopilot and manual control based
upon editing demands) could be shown to be the result of an
optimization process operating upon data concerning a crevw's
ability to perform manual control. That is, it vas shown
that some of the different autopilot usage strategies
observed in the experiments wvere consistent vith the
assumption that crewvs were attempting to optimize average

scout speed given their differing ability to perform manual
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control. Crevs highly skilled at wmanual control, for
exanplg, could be showvn to be acting optimally by not using
the auéopllot. Crevs vith lov manual control skills could
be similarly shown to be acflng optimally by using dedicated
autopilot control. In addition, it wvas shovn that the
strategy of engaging autopilot control before editing and
returning to manual control after editing vas never optimal
regardless of the crev's manual control proficiency. This
strategy vas alvays sub-optimal due to the large amount of

time required to set-up and engage the autopilot. Thus, the

model provided one explanation of the fact that no crevs
vere observed to use this strategy. In this model, then;
strategic differences vere shovn to be emergent upon
differences in terms of manipulation skills.

It might, then, be possible to construct alslllla:
model for shoving hov the strategic differences betveen the
crevs could be the result of differences in terms of lov-
level interface amanipulation skills. Such a model, though,
vould not be consistent with the assumptions discussed in
Chapter IV concerning the nature of the real-time operation
of the mechanisas underlying skilled performance. It vas
argued that the operation of these mechanism is ahistorical
and non-teleological. In other words, it vas suggested that
a description of the real-time operation of these mechanisas
is independent of the ptevloﬁs shaping forces that are

sensitive to task goals and result in expert or possibly
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optimal performance. Thus, an appropriate description of
the operation of these mechanisms need not refer to the past
events that vere responsible for their existence or the
goals to vhich their operation contributes. It is assumed
that optimization operations are not a component of the
real-time operation of the mechanisas underlying skilled
performance, although optimization (or 1learning) operations
might be zresponsible for the "design®™ of the mechanisas at
any point in time.

It is therefore suggested that a model vhich demon-
strates hov high-level strategic differences wvould be the
(perhaps optimal) emergent results of low-level, skllll
related differences is not appropriate for describing the
real-time operation of the nmechanisms underlying skilled
performance. ¥While the autopilot usage model discussed
above, for example, might be useful for predicting vhich
mechanisas vill be evolved as a result of the strategy
selection process (i.e., those that implement the selected
strategy), it wvould not be useful for describing the real-
time operation of these mechanisas. To use the model for
this purpose wvould amount to making the dubious claim that
optimization operations vere performed each time the crew
took an action related to the use of the autopilot or the
manual control joystick. 1In direct contrast to this clainm,
the present modeling approach assumes that the strategy
selection operations that might contribute to highly skilled
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performance are performed off-line, or incrementally, and
should be considered distinct £from the mechanisms that
actually implement the selected strategy. To return to the
football case, for example,‘the process which operates upon
information concerning the players' execution skills to
determine an offensive strategy would probably be performed
by the coach prior to the game, or in an incremental fashion
wvhile watching the game from the sidelines. A real-time
description of the behavior of the players while implement-
ing this strategy need not be concerned with the coach's
strateqgy selection process, .

While it might be possible to describe crew strategic
differences as emergent upon differences 1in interface
manipulation skills, then, this description would exist at a
different level than a descriptlion of strategic differences
in terms of differences within the real-time mechanisms
underlying performance. The first description would provide
an account of why the mechanisms were "designed" in a
certain way, and would probably make reference to task goals
and the task feedback that would be relevant to obtaining
these goals. This level of description might, then, be
defined as teleological in nature. The second description,
on the other hand, would provide an account of the operation
of the mechanisms and would not be concerned with task goals
or learning. This description might therefore be defined as

non-teleological or mechanistic. Since this research is
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devoted to describing the real-time operation of the
mechanisas underlying skilled performance, only the second
type of description vill be used here, although pursuing the
*design®™ 1issues would surely provide a more comprehensive
account of the nature of skilled performance.

A direct implication of the decision to 1ignore the
teleological level of description is that the process of
fitting the model to crev behavior might appear shallov or
descriptive 1in nature. This issue vill be discussed in
greater detail in the next sections vhere the process of
model parameterization is described. At this point, though;,
it should be clear that the adoption of a mechanistic levei
of description entails that a description of the strategic
differences betveen crews wvwill only concern hypothesized
differences in the real-time mechanisas that implement these
strategic differences. Based on the arguments presented

above, it does not appear possible to completely account for

strategic differences in terms of action mechanisams alone,
since these wmechanisms are only responsible for implement-
ing, rather than determining, a particular strategy.

Given that 1t does not appear possible to completely
account for crev differences {in terms of action mechanisas
alone, the next simplest hypothesis to be examined {is that
crev differences vere also due to the existence of different
perceptual mechanisas, but crevs did not differ in terms of

the selection, or central, mechanisms. The hypothesis that
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the crevws' perceptual mechanisms differed would appear to be
consistent with the theoretical ideas on vhich the modeling
approach vas based. This hypothesis suggests that crevs
differed in texms of the degree to vhich their perceptual
mechanisas became attuned to the affordances Iin the sim-
ulated vorld that would allov for rapid and effective action
selection.

No justification, on the other hand, 1is given 1in the
theoretical arguments for the assumption that the selection
mechanisms vere invariant over the three crevs. Rather,
this hypothesis 1is adopted primarily for methodological
reasons. If the model can be made to mimic the different
behaviors of the human crevs without manipulating the
central selection mechanismas, little empirical justification
can be provided for the hypothesis that the crews' selection
mechanisms differed. On the other hand, if the model can be
made to mimic crev differences vhile holding the perceptual
mechanisas fixed and varying the selection mnmechanisas,
little empirical Jjustification could be provided for the
hypothesis that the crevs' perceptual mechanisas differed.
If neither the perceptual nor selection manipulations alone
is capable of mimicking crev differences, then the hypoth-
esis that both these mechanisms differed betveen crevs vould
appear to be required.

The current approach for describing crev differences is

based on the requirement that simpler descriptions should be
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explored before more complex descriptions are considered.
Therefore, the hypothesis that a description of crew
differences can be localized to either the perceptual or
selection mechanisas, but not both, wvill be explored before
considering the hypothesis that crevs differed 1in regard to
both of these mechanisas. For reasons discussed belov, it
vas decided that the selection wmechanisas should be held
constant and the perceptual mechanisams should be manipulated
in the attempt to describe crev differences.

One reason that the selection mechanisas vere held
constant to describe crev differences is due to the limited
ability to vary these mechanisas in theoretically leanlngfui
and empirically relevant vays. The operation of the three
selection mechanisms 1in the nmodel, the scout waypoint
selection mechanisnm, the friendly waypoint selection
mechanisa, and the object selection mechanism can be
characterized in the same simple vay. Bach of these
mechanisms selects the action vith the maximum affordance
value subject to a small set of constraints. The object
selection mechanisa is more complex since it is capable of
predicting future vorld states to enable planning. The
constraints used in each of the mechanisas are specific to
the action selection task. Por example, the scout vaypoint
selection mechanism uses a constraint to reduce backtrack-
ing, and the object selection mechanism uses a constraint to

eliminate conpetition'betveen the five craft.
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Given this characterization of the selection mechan-

isms, there vould appear to be a very small set of possible
manipulations that could be used to fit the behavior of the
different crevs. The three most obvious manipulations wvould
be the followving: a) altering the assumption that crevs
vere choosing the actions vith maximum affordance value; b)
altering the assumed set of constraints used by the selec-
tion mechanisas; and c) altering the assumptions concexning
the planning horxizon used to select future craft actions.
Unfortunately, manjipulation (a) seems to be of 1little
theoretical utility and manipulations (b) and (c) do not
seen to be empirically relevant. Q
Abandoning the assumption that crevs vere selecting
actions vith maximum affordance value (manipulation (a))
vould appear to cause tvo theoretical difficulties. The
first vould be concerned vith the problem of Iidentifying a
coherent set alternative assumptions that could be used for
manipulating the operation of the selectlén mechanisas. Do
crevs choose the actions with the second highest affordance
value, or perhaps actions vwith affordance values in a
specified range? These assumptions vould appear to be
arbitrary and of 1ittle theoretical value. The second
problem vwith this approach 1is that the objection could
alvays be made that crevs wvere indeed choosing the maximally
afforded actions, but the reason that a more complex

selection opétation vas required to mimic behavior vas that
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the affordance values vere simply generated in the vrong
fashion. That is, it would appear at least theoretically
possible to mimic the operation of a more complex selection
mechanisa vith a siample maximization-based mechanisa by
changing the vay {in vhich the affordance values are cal-
culated. This objection wvould essentially claim that crevs
vere indeed maximizing but they vere maximizing vith respect
to a different set of criteria than used by the more
complex, non-maximizing, mechanisa. In the terminology of
the present model, then, the argument could alvays be made
that the crews' actually differed vwith respect to their
perceptual mechanisms (vhich generate affordance values3
rather than vith respect to their selection mechanisams.
Thexrefore, the use of w»anipulation (a) £for varying the
selection mechanisms appears to be of limited theoretical
utility.

8imilarly, it does not appear theoretically revarding
to vary the constraints used by the selection mechanisas in
an attempt to describe crev differences. The role played by
these constraints {is to eliminate certain highly atforded
actions from consideration for <reasons specific to the
action selection task. Poxr example, the exclusivity
constraint used by the object selection mechanisa eliminates
candidate craft actions thag compete vwith actions to be
taken by another craft. In the scout wvaypoint selection

mechanism, constraints are used to eliminate candidate
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vaypoints that wvould cause the scout to run out of £fuel or
pexfora extensive backtracking. The observed behavior of
each of the three crevs appeared to be consistent with these
constraints.

The reason it does not appear useful to vary these
constraints to describe crev differences is quite similar to
the reason that manipulations of the maximization assumption
vere rejected. As vas the case vith varying the maximiz-
ation assumption, it appears to be the case that the need to
adjust the constraints used by the selection mechanisas
could be eliminated by suitably chosen manipulations of the
perceptual affordance mechanjisams. The affordances ptovldea
by the perceptual mechanisas generate a candidate set of
actions vhich are then pruned by rejecting those actions
that do not satisfy the constraints. 8Since the constraints
operate upon the affordances in this vay, it would appear
possible that the effects of introducing a nev constraint
could be mimicked by a suitable readjustment of the afford-
ance value calculations. Once again, then, the argument
could alvays be made that the selection mechanisas vere
indeed invariant over crevs and that crev behavioral
differences vere due solely to differences {in their per-
ceptual mechanisms.

These arguments concerning the possibility of behavior-
ally indistinguishable tradeoffs betveen the operation of

the perceptual and selection mechanisms raise the pos-
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sibility that the design of the model is underspecified by
observable behavior. For example, it has been suggested
above that a desired change in the behavior of the model
could be accomplished by manipulations of elther the
constraints used in the selection mechanisas or the para-
meters used in the perceptual affordance value calculations.
In model construction, then, choices had to be made to
deteraine vhich operations vould be located in the percept-
ual mechanisms and vhich wvould be 1located in the selection
mechanisas. The assignment wvas not arbitrary. Rather,
constraints vere included in the selection mechanisas for
only those operations for wvhich a petceptually-Otientea
processing mechanisa could not be {identified. A simnilarx
type of tradeoff vas noted betwveen the maximization oper-
ation and the operation of the perceptual affordance
mechanisas. The existence of these potential tradeoffs
vould cause a serious problem if the model vas being used in
an attempt to prove vwvhether certain operations wvere being
performed perceptually or centrally. These tradeoffs are
not a problem in this wvork, though, since the goal is merely
to demonstrate that the behavior of a strongly perceptually-
oriented model is consistent vith observable behavior.

8ince it does not appear to be theoretically revarding
to vary the maximization operation oxr the constraints used
by the selection mechanisas, manipulation (c) seems to be

the only remaining candidate for describing hov crevs'
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selection mechanisms wmay have differed. Unlike manipula-
tions (a) and (b), manipulation (c) appears to be theoretic-
ally interesting since it wvould claim that crevs differed in
texms of the planning horizon they used to select future
craft actions. This manipulation, though, does not seem to
be able to produce varlations in model behavior that vere
consistent vith the observed variations in crev behavior.

As described in the previous chapter, the design of the
object selection mechanism vas based on the assumption that
crews could plan three actions into the future for each
craft. This assumption vas based on an informal sensltlvlty
analysis of the model's behavior as a function of planning
horizon. This informal analysis wvas performed before the
model vas fully parameterized to mimic the behavior of each
of the crevs. To achieve reasonable model behavior, this
analysis indicated that it vas critical to assume a planning
horizon of at least twvo actions, 1t vas less critical but
still necessary to assume a planning horizon of three
actions, but increasing the planning horizon beyond three
actions vas of limited additional benefit. S8ince it vas not
desirable to assume a planning process of greater complexity
than vas necessary, a planning hoxrizon of three actions vas
assumed.

To provide a more formal justification for the need to
assume even this level of model complexity, a similar

sensitivity analysis wvas performed after - the model vas



159
fitted to crev behavior. After model parameters wvere chosen
to provide the best fit to Crev E's behavior (see the
ﬁollovlng sections), the model's planning horizon vas then
reduced to one action. The behavior of the model wvith the
one-action planning horizon (the short-term model) vas then
compared vith the behavior of the model wvith the three-
action planning horizon (the long-term model) to identify
hov the reduction in planning horizon affected the behavior
of the model. As described belov, the nature of the sub-
optimal behaviors generated by the short-term model 4id not
appear to be consistent wvith the behavior of any of thg
three crevs. This result provides post-hoc evidence for tﬁa
necessity of assuming the more complex, three-action
planning horizon.

WYhen compared vwith the 1long-term model used to aimic
the behavior of Crev B, the performance of the short-term
model vas inferior in terms of the average number of points
scored per aission. {See the last section of this chapter
for a description of the model comparison process). The
average points scored by the short-term model did not differ
significantly from the average points scored by Crev 1.
This £inding suggests that it might be possible to account
for Crev 1's inferior performance in terms of the assumption
of a reduced planning horizon. A detajiled analysis of the
behavior of the short-teram model, though, indicates that the
sub-optimal behaviors that contributed to its Iinferior
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performance vere not consistent vith Crev 1's behavior. As
vill be discussed belov, the assumption of a short-term
planning horizon produces sub-optimal behaviors that did not
appear to be consistent wvith the behavior of any of the
three crevs.

In terms of the set of performance nmeasures used to
describe crev behavior, the major factor that contributed to
the short-term model's poor performance vas an inability to
score points by unloading discovered cargo at home base.
The short-term model and Crev 1 vere not significantly
different in terms of the number of cargo unloaded poF
session, (and both unloaded less cargo than 4id Crev B), bui
the factors that contributed to their similarly poor
performance on this measure vere found to be quite differ-
ent. As discussed in Chapter 1III, Crevws 1 and B vere
similar in terms of the percentage of discovered cargo that
vere eventually unloaded at home base, but Crev 1 discovered
and returned less cargo than did Crev B. That is, these tvo
crevs vere similarly efficient 1in unloading the cargo that
had been discovered, but Crev B discovered more cargo than
Crev 1 and wvas thus able to unload more cargo to score
points.

In contrast to this characterization of the differences
between Crevs 1 and E 1in terms of cargo processing, the
difference between the short-term model and Crev E concerned

the percentage of discovered cargo that vere unloaded at
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home base, rather than the number of cargo that vere

discovered. The short-teram model and Crev B did not differ
significantly in terms of the nunber. of cargo that vere
discovered, (and they both discovered more than Crev 1), but
the short-term model vas able to unload a smaller percentage
of these cargo at home base. In fact, the short-tera model
vas significantly vorse on this measure than any of the
three crevs, as it vas only able to unload an average of 61%
of discovered cargo at home base.. (No crev unloaded less
than 808 of the discovered cargo, on average, per aission).
Therefore, a major factor that contributed to the shozt:
term model’'s sub-optimal performance vas an inablility to
unload the cargo that had been discovered, vhereas a major
factor that contributed to Crev.l's sub-optimal performance
vas an inability to discover cargo.

The short-term model, then, exhibited a pronounced
inability to efficlently process discovered cargo. This
sub-optimsal behavior wvas not exhibited by any of the three
crevs, The short term model's sub-optimal behavior in this
regard can be explained by examining the rxole of the
planning horizon in generating model behavior. It should be
pointed out that, in this wvork, the texrma "planning horizon"
has a technical meaning that is specific to the structure
and behavior of the model. The planning mechanisa used in
the model |is event-based, rather than time-based, and
thexefore the length of the planning horizon indicates only
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the number of actions into the future that the model is able
to consider. 8ince these actions have variable duration,
the length of the planning horizon does not have a tight
correspondence vith the alodnt of time into the future that
the model can plan ahead.

The assumption of a one-action planning horxizon
constrains the action séloction mechanisa of the model to
the task of determining only the most appropriate current
action for each craft. Therefore, thevconpetltlon betveen
craft for consumable objects, such as cargo, is concerned
only wvith each craft's current affordance value for the
object, and does not consider the affordance value that a
craft vould have for the object at the termination of its
current action. This restriction, on its owvn, can be seen
to be sufficient for producing the short-term model's sub-
optimal cargo processing behavior.

To see hov the ({inablility to efficlently unload dis-
covered cargo can arise from restricting the planning
horizon to a single action, consider the case vhere a craft
is currently traveling to load a plece of cargo or to return
to home base. After the craft has been committed to this
action, assume that a plece of cargo is discovered nearby
the destination of the cratt. Assume, also, that the
affordance value for loading this nev cargo 1is not great
enough to exceed the craft's affordance value for the

current action so that the craft's current action 1is not
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interrupted. 1In this case, the craft is not considered as a
candidate for loading the nev piece of carxgo since it has a
more highly afforded current action. Even though, for
example, the craft vould have a very high affordance for
loading the nev piece of cargo at the termination of its
current action, this fact is not rxelevant 1in deteramining
vhich cratt vill be allocated to the cargo. The cargo vill
then be allocated to a second craft, possibly many miles
avay, that has the highest current affordance value for the
nev piece of cargo. This craft may not even be able to
reach the cargo until wvell after the original craft coulg
have loaded the cargo by proceeding to its location after
the termination of its current action.

Therefore, the most approprliate action of having the
original craft load the cargo after completing its current
action has been neglected in favor of using a craft that may
take a much longer time to accomplish the task. Glven the
vay in vhich the action selection mechanism operates, the
original craft does not compete for the nev cargo even after
the termination of its current action since the cargo has
already been allocatgd to a different craft. Therefore, the
original craft may be given a seaxch action at the com-
pletion of its current action even though it still may be
closer to the cargo than the second craft to vhich the cargo
has been assigned. Perhaps, though, the selection mechanisa

could be Iimproved by allowving the original craft to compete
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for the cargo at the termination 1its current activity,
thereby possibly interrupting the activity of the second
craft.~ Even with this adjustment, though, the resulting
behavior would still be inefficient due to the amount of
vasted time spent by the second craft traveling to a cargo
that it will never eventually load.

Although the conditions that give rise to this cargo
processing inefficiency might appear too complex and un-
likely, in actuality this phenomenon was observed to occur
with reasonable frequency. These conditions occurred wvith
at least enough frequency to cause the short-term model to
unload a significantly lowver percentage of discovered carg;
than any of the three crews. For example, there were many
cases in which a friendly craft discbvered a cargo on its
way to home base in urgent need of fuel or missiles. 1In the
cases where this cargo was itself nearby home base and the
other friendly craft were distant from home base, the most
appropriate plan of action would be to have the craft that
discovered the cargo return to load it after completing its
trip home. Due to the operation of the craft allocation
policy described above, a craft currently searching at a
large distance from home base would be assigned to load this
cargo. As a result of this type of 1inefficliency, the
missions performed by the short-term model typically ended
with a large number of discovered cargo not returned to home

base.
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None of the crevs wvere observed to produce sub-optimal
behavior that wvas consistent vith the assumption of a
restricted planning horizon. Por this reason, it vas
decided that the planning horizon would not be manipulated
in an attempt to mimic crev behaviorx. In summary, then,
each of the three possible selection mechanisa manipulations
have been examined and found lacking for elther theoretical
or empirical reasons. Thexefore, the selection mechanisas
vere assumed invariant over each of the three crevs.

Recall that the model contains three selection mechan-
isms: the scout wvaypoint selection, friendly wvaypoint
selection, and craft object selection mechanisas. It should
be emphasized that the Iinvariance assuamaption £or these
mechanisas does not imply that the same scout paths,
friendly wvaypoints, and craft object allocations wvere
assumed to be generated by the different crews. Rather, the
selection mechanisms have a relatively minor role in action
generation. Their function is to select in a simple vay
from the candidate set of action alternatives provided by
the perceptual mechanisms. In the case of f£friendly craft
vaypoint selection, the action selection mechanisa operates
by f£inding the action alternative (a search vaypoint) wvith
the greatest affordance level. The scout vaypoint and craft
object selection mechanisas also operate by selecting action
alternatives vith the greatest affordance level, subject to

appropriate constraints concerning backtracking avoidance in
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the case of the scout, and mutual exclusivity in the case of
the frgendly craft.

Given this functional characterization of these
selection mechanisas, |t .ls easy to see that the major
factor deteramining vhich actions get selected is the
perceptual component of the model that defines the action
alternatives and generates the dynanlc, context sensitive,
affordance level for each of the alternatives. Therefore,
once the action mechanisms vere constructed for each crewv
and a single set of selection mechanisms wvere created, the
model parameterization exercise focused on designin?
perceptual mechanisas that wvould provide the affordance
structures that vere consistent vith the behavior of each of
the three human crevs.

Detailed descriptions of each of the action and per-
ceptual mechanisas used to mimic the behavior of each of the
crevs are given 1in the folloving sections. The action
mechanisas vere designed to be consistent with the empirical
data, and vere left unchanged during the model fitting
process. Initial estimates for the parameters of the
perceptual mechanisms vere generated based on the crev
performance profiles. These parameters vere subsequently
tuned to gain better matches with the empirical profiles in
an iterative analysis of model behavior as a function of the

parameters of the perceptual mechanisas.
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Action Mechanism Parameters
Tye action mechanisms shown {in Figure 16 in the
previous chapter vere parameterized for each crev by
referring to empirical data concerning crev physical
activities. Videotapes were consulted to measure the timing
parameters used in the 1lowvest level mechanisas that sim-
ulated observable editing, button-pushing, and Jjoystick
manipulation behavior. These parameters indicated the total
time spent in both tﬁé preparation and execution of these
actions so that the model wvould be diverted from engaging in
other tasks for the same duration as vere the human crevs.
Table 2 on the folloving page describes the three
highest level mechanisms: the Action Mechanisam, the Priendly
Action Mechanism, and the 8cout Action Mechanism. As
indicated in the table, the only difference betveen the
three crev models with respect to these three mechanisas
concerns vhether or not £friendly- and scout-related inter-
face control activity could be performed serlally or in
parallel. The tvo models for describing one-person crevs,
Crevs 1 and B, are constrained to perform friendly and scout
activities serially. The model used to mimic the behaviox
of the tvo-person crev, Crev 2, can perform friendly and
scout activities in parallel. For example, the Crev E model
interleaves scout wmanual control wvith entering friendly
craft commands in the text editor, wvhile the Crev 2 model

performs these two tasks simultaneously.
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TABLE 2

HIGHEST LEVEL ACTION MECHANISMS

Mechanism Name:

Description H

Parameters :

Parameter
Values

Mechanism Name:

Description :

Parameters :

Mechanism Name:

Description H

Parameters s

Action Mechanism

Identifies requests for interface activity
from affordance distributions and activates
either the scout or friendly craft action
mechanisas.

Serial vs. parallel interface contzol for
scout and friendly craft activities

Crev 1 Model - Serial
Crev B Model - Serlal
Crev 2 Model - Parallel

Friendly Action Mechanism

Identifies vhether friendly activity
request pertains to mobile enemy cratt,
fixed enemay craft, cargo, search, or
home activity, and activates the
appropriate mechanisa.

None

scout Action Mechanism

Identifies whether scout activity
request pertains to enemy cratft,
loading/unloading, or scout motion,

and activates the appropriate mechanisa.

None
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Table 3 on the followving pages describes the seven

friendly craft action mechanisms that coordinate the
simulated physical interface activities assoclated with
friendly craft control. The parameter values_used in the
first five of these action mechanisms indicate the action
commands used to assign activities to the friendly craft.
These action comamands vere Iidentified directly £from the
empirical data.

The Mobile Enemy Action Hechanlsi and Cargo Action
Mechanism d1d not differ in the three crev models since all
three crevs used the same action command to attack -obilg
enemy craft and to command friendly craft to 1load cargo.
Similarly, Crevs 2 and E used the same action command to
attack fixed enemy emplacements, so the Fixed Enemy Action
Mechanisms did not differ betveen these twvo crev models.
Crev 1 never attacked fixed enemy emplacements with the
friendly craft, so this mechanisa vas never activated in the
model used to describe this crev.

In the Search Action Mechanism, the behavior of Crews 1
and 2 wvas approximated by using the friendly craft search
command “8:~,G", wvhile the behavior of Crev E vas approx-
imated vwith the search command "s:%,G,P". Bach crewvw
actually used a range of different search commands. For
example, all three crevs occasionally used a search command
vith aultiple goto wvaypoints (e.qg., 8:%,G,G), although such

commands vere very rare for Crews 2 and E. In addition, all



Mechanism Name:

Description :

Parameters :

Values

Mechanism Name:

Description :

Parameters :

Values

Mechanism Name:

Description s

Parameters :

Values
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TABLE 3

FRIENDLY ACTION MECHANISMS

Mobile Enemy Action Mechanisa

When activated by the Priendly Action
Mechanism, activates the Editing Mechanisam,
inputs the attack action command, then
activates the Attack Monitoring Action
Mechanisa.

Attack action coamand.

All crev models - B:A,A,A

Cargo Action Mechanisa

When activated by the Friendly Action
Mechanism, activates the Cursor - Editor
Mechanism to move the vorld display map
cursor to the cargo location and to enter
the text editor, inputs the cargo action
command. '

Cargo action command

All crev models - C:~,G,v,L,"

Fixed Bnemy Action Mechanism

When activated by the Priendly Action
Mechanism, activates the Cursor - Bditor
Mechanisa to move the vorld display map
cursor to the enemy location and to enter
the text editor, inputs the fixed enemy
attack action command.

FPixed Enemy action command
Crev 1 Model - None

Crev E Model - E:*,G,A
Crev 2 Model - E:*,G,A



Mechanism Name:

Description H

Parameters 3
Values :
Mechanjism Name:

Description :

Parameters H
Values H
Mechanisme Name:

Description s

Parameters :
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TABLE 3
(continued)

PRIENDLY ACTION MECHANISMS

Search Action Mechanisa

When activated by the Friendly Action
Mechanisa, activates the Cursor - EBditor
Mechanisa to move the vorld display map
cursor to the search vaypoint location
and to enter the text editor, inputs the
search action command.

Search action command

Crev 1 Model - 8:",G
Crev E Model - 8:°,G,P
Crev 2 Model - 8:°,G

Home Action Mechanism

When activated by the Friendly Action
Mechanisa, activates either the Cursor -
Editor Mechanism or the Editing Mechanism
to move the vorld display map cursor to
home base (1f necessary) and to enter the
text editor, Iinputs the home action
command.

Home action command

Crev 1 Model - X:U (no cursor required)
Crev B Model - X:U (no cursor required)
Crev 2 Model - 8:°,G,v,U (requires cursor)

Attack Monitoring Mechanisa

When activated by either the Mobile Enemy
Action Mechanisam or Fixed EBnemy Action
Mechanism, activates the Button Pressing
Mechanism to enable the firing of missiles
until either the enemy or friendly craft
is destroyed.

None



Mechanism Name

Description

Parameters

TABLE 3
(continued)

FRIENDLY ACTION MBCHANISMS

Cursor - Editing Mechanism

When activated by any mechanisas that
require cursor manipulation folloved by
editing, activates the Cursor Mechanism
and Bditing Mechanisa in sequence.

None

172
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three crevs occasionally dispensed with the up (*) action,
although Crev B did this very rarely. Unfortunately, no
consistent pol{cios for search command selection could be
identified. For example, 1t vas hypothesized that, for
Crevs 1 and 2, vhether or not the up (*) action vas used vas
a function of the current craft altitude. This hypothesis
could be rejected due to the fact that up actions vere used
inconsistently at the beginning of the aission vhen all
craft vere at the same altitude. The hypothesis that the
selection of the up action vas due to planned travel through
forested locations received some support, at least for Crev
1, although this policy vas not consistently applied.

Due to this inability to identify consistent policiles
for search command selection, the simple search commands
described above vere used. The only difference betwveen the
search commands for'the three crevs pertains to the use of
the patrol action. Crevs 1 and 2 never used the patrol (P)
action, vhile Crev E nearly alvays terminated search action
commands wvith patrol actions. The patrol action keeps the
friendly craft searching in a circular pattexrn after the
termination of the goto action. The search commands used to
describe the behavior of Crewvs 1 and 2 did not include
patrol actions, resulting in the friendly craft sitting idle
at the termination of search commands.

The Home Action Mechanism also had to be individually

tallored to describe the behavior of the three crevs. Crew
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B consistently used the "X:U"™ command, vhereas Crev 2
consistently used the "8:%,G,v,U" command. Both commands
send the frtendiy craft home to unload, although the second
command allovs the operator to specify the exact location
(vithin 0.4 miles of home base) at vhich the craft should
stop and unload, vhereas the first command alvays sends the
friendly craft to the exact center of home base. The second
command vas presumably adopted to lessen the potential for
collisions betwveen friendly craft that would be caused by
commanding multiple craft to home base simultaneously. The
first command, though, has the benefit that the cursor does
not have to be manipulated to enter a home command. .
For describing Crev 2, then, the home command requiring
cursor manipulation wvas used in order to ensure that the
model and human crev performed interface manipulation
activity of the same duration vhen commanding a friendly
cratt to go to home base. This model does not, though,
attempt to scatter the destination points of nmultiple
fxriendly craft around home base to avoid collisions. (The
reason that the model does not perform this function is
discussed at the end of this chapter). For describing Crews
1 and B, the model uses the home command that does not
require cursor manipulation. As vas the case vwith search
commands, the use of a single home command for describing
Crev 1 1is a simplification, since this crev occasionally

used the command employed by Crewv 2.
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The action mechanisms used for organizing the simulated

physical activity assoclated with control of the scout are
described in Table 4 on the folloving pages. The only
mechanisa vwith parameter values that differ betwveen the
three crev models {s the Motion Action Mechanisa. The
models used to describe Crevs 2 and B simulate the activity
assoclated vith manual control of the scout, vhereas the
model used to describe Crev 1 simulates the scout autopilot
management physical activity. Th§ approximation of dedi-
cated autopllot control vas used, although Crev 1 d1id engage
manual control briefly and intermittently.

The Manual Control Mechanism, used in the models of
Crevs 2 and B, is activated by the Scout Action Mechanism to
generate a path to a desired scout vaypoint. The_deslred
vaypoint, provided by either the Scout Waypoint Selection
Mechanism or the Object Selection Mechanism, 1is either a

search vaypoint or the 1location of a cargo, a fixed enemy

emplacement, or home base. Search vaypoints are generated
from the search affordance map of the world, vhich indicates
the degree to vhich each vorld 1location affords locomotion
and search for objects via scout radaz.‘ The peaks in this
affordance map constitute candidate Qearch vaypoints. The
selection mechanism operates by finding an appropriate peak
to serve as the current scout vaypolnf by combining the
affordance related information vwith fuel maintenance and

backtracking avoidance constraints.
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TABLE 4

SCOUT ACTION MECHANISMS

Mechanism Name: Load/Unload Action Mechanism

Description ¢ Activated by the 8S8cout Action Mechanism
to either load cargo or unload cargo and
replenish resources at home base.
Activates the Button Pressing Mechanisa
to perform the desired function.

Parameters ¢ None

Mec Name: Enemy Action Mechanism

Description ¢ When activated by the Scout Action
Mechanism to attack an enemy craft,
activates the Attack Monitoring
Mechanism to guide the attack.

Parameters : None

Mechanism Name: Motion Action Mechanisa

Description ¢ For manual control crev models, activates
the Manual Control Mechanism to move scout
in a series of small movements to a desired
vaypoint (either a search vaypoint, a
cargo, a fixed enemy craft, or home base).
FPor autoplilot control model, activates the
Autopilot Management Mechanism to command
to autopilot to move the scout to the
vaypoint.

Parameters : Manual vs. Autopilot Scout Control
Crev 1 Model Autoplilot Control

Crev B Model ; Manual Control
Crev 2 Model : Manual Control

Values



Mechanism Name:

Description

Parameters

Mechanism Name:

Description

Parameters

Mechanism Name:

Description

Parameters :

Values
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TABLE 4
(continued)

SCOUT ACTION MECHANISNMS

Attack Monitoring Mechanism

Activates Button Pressing Mechanisa
to fire missiles at an enemy until either
the scout or the enemy is destroyed

None

Autopilot Management Mechanisa

For autoplilot control model, activates
the Cursor Mechanisa to move the vorild
display cursor to the specified vaypoint
(either a cargo, fixed enemy craft, a

search vaypoint, or home base), and

then activates the Button Pressing
Mechanisa to initlate the autopilot.

None

Manual Control Mechanisa

For manual control crev models, accepts a

a specifled vaypoint (either a cargo,

a fixed enemy craft, a search vaypoint,

or home base) and generates a series

of sub-wvaypoints to the wvaypoint. (See
folloving pages for a description of this
mechanisa. Activates the Joystick Control
Mechanisa to simulate the physical joystick
activities to £1y to each sub-vaypoint.

DL = Value of destination affordance as
a percent of local affordances wvhich
determine path direction. (See text)

Crev 1 Model - Not used
Crev B Model - DL = 100%
Crev 2 Model - DL = 100%
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The Scout Manual Control Mechanism also uses the search
affordance vorld map to generate a path to the desired peak.
Unlike the planning mechanism, though, vhich operates upon
an global, high-level representation of this map in terms of
peaks and ridges, the Scout Manual Control Mechanisa uses
the map in full detail in orxder to generate a path to the
desired vaypoint that is sensitive to 1local search afford-
ance gradations. This mechanism operates by treating each
vorld location as {f |t exerts an attractive force on the

scout that s proportional to its search affordance, and

inversely proportional to the cube of its distance from the
scout. This inverse-cubed scaling factor is used to cnsur;
‘that nearby locations have a larger attractive force than
distant 1locations. In .addition, the desired vaypoint is
considered to exert an attractive force. To guarantee that
the wvaypoint wvill be reached, this force is independent of
the distance betwveen the wvaypoint and the scout.

Paths are generated by using vector addition to £ind
the net attractive force acting upon the scout. The next
step in the path is in the direction of this net force. The
resulting direction of motion is thus determined by a
combination of affordances from both the scout destination
and the 1local environmental structure. 1In such a model, a
much larger velighting on 1local affordances than on the
affordance provided by the destination would result in

somevhat ajimless meandering though the wvorld that is
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primarily determined by the 1local environmental affordance
structure. If, on the other hand, a nmuch larger veighting
is used for the destination affordance than for the local
affordances, nearly linear tzivel to the destination vith
insensitivity to the local environment wvould result.

In the model for describing Crews 2 and E, the value of
the attractive force exerted by the destination vas set
equal to the net attractive force exezted by the local
environment. Thus, for example, 1f the 1local affordance
structure exerts a northwvard fé:ce on the scout, and the
destination is to the east of the scout, the resulting
direction of motion would be to the northeast. This equai
veighting scheme has the possibility of stalling the scout
due to force vectors that exactly cancel, but this phe-
nomenon vas never observed.

The final set of action mechanisms arxe those respons-

ible for simulating the physical activity that is required
to control the scout and friendly craft. All of the action

mechanisas described above only organize interface activity,
vhile the Physical Action Mechanisas appearing in Table 5 on
the folloving page are actually responsible for simulating
the execution of control actions. These action mechanisas
are all quite simple, and the performance parameters for
each crew model are summarized in the table. These par-
ameters are approximate values measured from videotapes of

the behavior of each crevw.
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TABLE 5

PHYSICAL ACTION MECHANISMS

Mechanism Name: Button Pressing Mechanism

Description : Simulates the physlcﬁl activity of
pressing a button on the control panel.

Parameters $: TB = Button pressing time

Values Crev 1 Model - ré e 1.50 seconds

Crewv BE Model - TB = 0.75 seconds
Crev 2 Model - TB = 0,75 seconds

Mechanism Name: Cursor Moving Mechanism

Description ¢ Simulates the physical activity of
moving the wvorld display map cursor
to a specified location. Uses FPitts' Law
to estimate time required to move map
cursor a distance D from previous position
to a target of wvidth W. D and ¥ measured
in display pixels (display width = 512
pixels = 30 cm). Width of cargo and enemy
targets = 5 pixels, width of searxch
vaypoint target = 10 pixels. Movement time
= A + B x Log(2D/W)

Values : Crev 1 Model - A =2 ; B = ,33
¢ Crew B Model - A =1; B = ,15
¢ Crewv 2 Model - A =1 ; B = .15

Mechanism Name: Editing Mechanism

Description

Simulates the physical activity of
typing a friendly craft action command
on the text editor.

Parameters

TE = Time to enter a mobile enemy attack
command
TO = Time to enter all other commands

Crevw 1 Model - TB = 4.0 ; TO = 9.0
Crev E Model - TE = 3.0 ; TO = 4.0
Crev 2 Model - TE = 3.0 ; TO = 5.0

Values
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Description H

Parameters

Values
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TABLE S
(continued)

PHYSICAL ACTION MECHANISMS

Joystick Control Mechanism

Simulates the physical activity of
moving the scout manual control joystick
to fly the scout along a path. Operates
by moving the scout in a sequence of
small steps. Step size is determined by
the speed vith vhich the scout is flown.

88 = Scout speed (mph)
Crev 1 Model - Mechanism not used

Crev B Model - 88 = 80.0
Crxewv 2 Model - 88 = 65.0
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As mentioned previously, the timing parameters used in
the physical action mechanisms represent the total time
assocliated with both the pr;paratlon and execution of
physical actions. For example, the mean button pressing
time for Crev 1 vas observed to be approximately 1.50
seconds, twvice that of the mean times for Crevs 2 and E.
The reason for this large difference wvas not due to differ-
ences in the actual motion times assoclated vith pressing
buttons. Rather, this laxge timing difference results froa
the observation that Crev 1 took a longer time to identify
appropriate buttons than did the other crevs.

A similar difference betwveen Crev 1 and the other tv;
crevs concerned the time required for preparing cursor
manipulation actions. The larger A (or intercept) parameter
value in the Fitts Lav calculation used for describing Crew
1's behavior 1indicates that he took a longer fixed time to
make cursor movements in addition to that time corresponding
to the difficulty of the movement task. The larger B (or
slope) parameter used for Crev 1 indicates that he vas also
more sensitive than the other tvo crews to the difficulty of
the movement task. Approximate A and B parameters wvere
derived by using a simple 1linear regression to fit two
sessions of cursor movement time data. To represent the
fact that movements to search targets vere less constrained
than movements to displayed objects, the width of search

targets vas set equal to twvice the width of object targets.
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Pexcept echanism Parameters

The perceptual mechanisms, shown in Figure 9 in the
previous chapter, vere parameterized by hypothesizing
affordance structures that seemed to be consistent vith the
behavior of each of the three crewvs. The perceptual
mechanisas dedicated to the tasks of search vaypoint
selection for the scout and friendly craft are described in
Table 6 on the folloving pages. The first tvo mechanisas,
the Scout Search Affordance and Scout Locomotion Affordance
Mechanisms, wvere used 1Iin the models of Crews 2 and B to
describe the manual control search activity of these two
crevs, The final four mechanisms, the Friendly SQazcﬁ
Affordance, Friendly Collision Affordance, Friendly-8Scout
Coordination, and Friendly Range Affordance Mechanisms, vere
used in the models of all three crews to describe the
selection of friendly craft search vaypoints.

It vas hypothesized that Crev 1l's selection of search
vaypoints for the scout could also be described vwith the
mechanisms for friendly craft wvaypoint selection. Two
factors suggest this hypothesis. Flrst, Crev 1l's scout
control behavior did not appear sensitive to the superior
ability of the scout to discover objects with |its large
radar range. Crev 1 did not appear to differentiate between
the scout and friendly craft for the purposes of loading
cargo, thereby keeping the scout from its most important

task of searching. Second, Crev 1l's use of the autopilot
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TABLE 6

PERCEPTUAL MECHANISMS

184

Mechanism Name: Scout Search Affordance Mechanism

Description ¢ Generates a search affordance vorld map
used by Scout Waypoint Selection Mechanism
to generate search vaypoints and by Scout
Manual Control Mechanism to generate paths

betve
Parameters : 80 =
SL =
SH =
SB =
BT =

The search affordance
follovs. Let,

en vaypoints.

Search affordance value
reglons

Search affordance value
forested regions

Search affordance value
forested regions

Search affordance value
beyond world boundaries
Search affordance value

of open

of lightly
of heavily
of reglons

of

previously searched regions

of a world point is calculated as

FO = fraction of vorld points within 1.5 wmile radar range
of the given point that are in open regions
FL = fraction of vorld points within 1.5 mile radar range
of the given point that are in light forest
FH = fraction of vorld points within 1.5 mile radar range
. of the given point that are in heavy forest
FB = fraction of world points within 1.5 mile radar range
of the given point that are beyond world boundaries

Then for unsearched

points,

Search affordance = FOxSO + FLxSL + FHXSH + FBxSB

Por previously searched points, Search affordance = BT

Crev 2

vValues : Parameter Crev 1 Crev E
SO Not used 0
8L . 1
SH " 1
SB " 0
BT " -103

(See text for a discussion of the parameter values)
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TABLE 6
(continued)

SBARCH PBERCEPTUAL MECHANISMS

Scout Locomotion Affordance Mechanism

Generates a locomotion affordance world map
used by Scout Waypoint S8election Mechanism
to generate search vaypoints and by Scout
Manual Control Mechanism to generate paths
betveen vaypoints. ,

LO = locomotion affordance value of open
regions

LL = locomotion affordance value of lightly
forested regions ,

LH = locomotion affordance value of heavily
forested regions

LB = locomotion affordance value of regions
beyond world boundaries

Parameter Crew 1 Crev 2 Crev B

Lo Not used 0.0 0.0
LL " -1.5 -105
LH " -2.0 -2.0
LB " -3.0 -3.0

Friendly Search Affordance Mechanism

Generates a search affordance vorld map
used by the Friendly Waypoint Selection
Mechanisa to generate search vaypoints
for the friendly craft in all three crewv
models, and for the scout in the Crew 1
model.

FSO = search affordance value for open
regions

FSL = search affordance value for lightly
forested regions

FSH = search affordance value for heavily
forested reglions

FSB = search affordance value for regions
beyond world boundaries
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TABLE 6
(continued)

SEARCH PERCEPTUAL MECHANISMS

Friendly Search Affordance Mechanism
(continued)

Parameter Crev l Crev B Crev 2 Crev 18
FSO 2 2 2 2
FSL 2 2 2 (1]
FSH 2 2 2 0
FSB 0 0 0 0

Friendly Collision Affordance Mechanism

Generates a collision affordance world map
used by the Friendly Waypoint Selection
Mechanisam to generate search vaypoints

for the friendly craft in all three crewv
models, and for the scout in the Crev 1
model.

COLL = Collision affordance of a wvorld
point resulting in a collision

FREE = Collision affordance of a vorld
point not resulting in collision

Parameter Crev l Crev E Crev 2 Crev 18
COLL 0 0 0 0
FREE 1 1l 1 1

Friendly-Scout Coordination Affordance
Mechanism

Generates a coordination affordance wvorld
map used by the Friendly Waypoint Selection
Mechanisam to generate search vaypoints for
the friendly craft in all three crev models

COOR = Coordination affordance of a wvorld
point simultaneously coverable by
scout radar and the radar of the
friendly craft vhose vaypoint |is
being generated.

Coordination affordance of all
other wvorld points

NCOR =
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TABLE 6
(continued)

SEARCH PERCEPTUAL MECHANISMS

Mechanism Name: Friendly-Scout Coordination Affordance
Mechanisa (continued)

Parameter Crew 1 Crev B Crev 2 Crev 18

COOR 0 3 3 Not used
NCOR 0 0 0 Not used

vValues

Mechapism Name: Friendly Range Affordance Mechanism

Generates a fuel-range affordance vorld ,
map used by the Friendly Waypoint Selection
Mechanisa to generate search vaypoints for
the friendly craft in all three crev models
and to generate scout search vaypoints in
the Crev 1 model

Description

Parameters

FOK = Range affordance of a wvorld point to
vhich the friendly craft can travel
and still have enough fuel to
return home, if the craft does not
have enough fuel to last until the
end of the mission.

FNO = Range affordance of all other wvorld
points

Parameter Crew 1 Crew E Crev 2 Crewv 18

Values

c-3
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for scout control required this crev to enter scout wvay-
points.wvith the vorld display map cursor, in the same vay
that search wvaypoints are entered for the friendly craft.
This requirement may have encouraged this crev to develop
similar policies for scout and friendly craft vaypoint
selection. In general terms, the hypothesis is that Crew
1's use of a supervisory mode of control over all five craft
resulted in a lessened sensitivity to the primary functional
difference betveen the scout and friendly craft in terms of
search capability. It should be made clear, though, that
;hls causally stated hypothesis is not being evaluated here.
What is specifically being examined is the hypothesis tha%
Crev 1's processes for selection of scout and friendly craft
activities vere more similar than the processes used by
Crevs 2 and B. The parameters used for scout vaypoint
selection for Crev 1 appear under the heading Crewv 18.

The first tvo perceptual mechanisas described in Table
6 indicate that the same search affordance and locomotion
affordance parameters vwere used to describe scout search
activities for both Crews 2 and E. The parameters listed in
the table are the same values that vere used to produce the
atfordance maps appearing in Figures 11-14 in the previous
chapter. Recall that the final affordance map that is used
by the Scout Waypoint Selection and Scout Manual Control
Mechanisms 1is created by superimposing (adding the values

of) the locomotion and search affordance maps.
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The parameters used in the Scout B8earch Affordance
Mechanlsm and Scout Locomotion Affordance Mechanism for
Crevs 2 and B vere determined by an extensive (but not
exhaustive) search of the parameter space. The behavior of
the Scout Manual Control Mechanism, vhich uses locomotion
and search affordances to generate scout motion, vas varied
by changing these parameter values,. The parameter values
given in Table 6 provided the best fit tq crev behavior. 1In
addition, the resulting values seem to be 1in reasonable
alignment Qlth task goals and constraints.

It is critical to keep measurement scaling issues in
mind vhen interpreting these parameter values. Due ¢to thé
vay in vhich these values are additively combined and then
used to generate scout motion, the choice of both zero point
and wmeasurement unit for the affordance value scales are
arbitrary. The zero and unit are arbitrary because the

motion generating mechanisa is only sensitive to the

relative affordance values, or the gradations, in the total

"affordance map. A change in zero would simply raise ox

lover the affordance value of every wvorld point by the same
amount, resulting in no overall change Iin the relative
affordance structure. A change of unit vould alter the
severity of the affordance gradations, but would once again
leave the relative affordance structure unaltered. In the
terminology wused to describe the 8cout Manual Control

Mechanisa, a change of unit wvould change the nora (or
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length) of the resultant force vector acting upon the scout
but it would not change the direction of this vector. S8ince
the direction of scout motion is determined by the direction
of the resultant force vector, but 1left unaffected by the
norm of this vector, a change in the affordance measurement
unit does not affect the behavior of the 8Scout Manual
Control Mechanisa. Thexefore, the only meaningful inter-
pretations of the search and locomotion affordance mechanisa
parameters concern their relative values.

Purely as a matter of convention, then, search afford-
ances vere assigned positive values and locomotion afford-
ances vere assigned negative values. This arrangement vas
chosen to be consistent with a description of searching as
behavior directed tovard the (positively valued) goal of
finding objects constrained by the (negatively valued)
difficulty of 1locomoting through forested regions. The
affordances for both searching and 1locomoting in open
regions vere assigned a value of zero, because open regions
seemed to provide a neutral reference value to wvhich the
value of searching and locomoting in the forested regions
could be compared. Assigning zero affordance values to open
regions is not meant, for course, to indicate that locoiot-
ing through open regions wvas of 2zero difficulty or that
searching open regions was of zerxro benefit in discovering
objects. Rather, this zero point for the affordance scales

vas chosen purely as a matter of convenience.
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The search affordances of both 1lightly and heavily
forest regions vere assigned equal and positive values to
generate search behavior consistent vith the forest boundary
hugging behavior of Crevs 2 and B (see Chapter V). The
search affordance for previously searched points vas given a
negative value to lessen the amount of backtracking produced
vhen traveling betveen search wvaypoints. This negative
value also helped "smooth out®™ the scout paths by maintain-
ing a large negative force directly behind the scout. The
locomotion values for forested regions that were found to
provide a -good £it to crew béhavior vere indicative of thg
relative densities of the 1lightly and heavily forested
regions. A large negative value for locomoting beyond the
vorld boundary vas used to keep scout paths vwithin the
displayed vorld.

The crevs wvere hypothesized to be quite similar in
terms of the affordances used to select friendly craft
search vaypoints, as indicated by the parameter values forx
the final four perceptual mechanisms in Table 6. These four
mechanisas produce the affordance maps that are combined and
used by the Friendly Waypoint Selection Hechanlsn; Whereas
the final affordance map for the scout is produced by simple
addition of affordances, the final affordance map for the
friendly craft is produced by addition and multiplication.
Note that the Friendly Collision and Priendly Range Mechan-

isms both produce zero-one binary valued maps. The afford-
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ance values of these tvo maps are each multiplled vith the
sum of. the other tvo maps, the Frlendly Search Affordance
and Friendly-Scout Coordination Affordance maps. This
process is used to exclude a search vaypoint from consider-
ation if its assignment to a craft would result in a
collision or a craft running out of fuel.

The calculations used to generate the affordance maps
indicating collision points and the locus of points within
fuel range produce exact and correct values £for these
measures. It is almost surely the case that crevs 4did not’
make exact and veridical estimates of £fuel ranges and
collision points, even though no crewv ever had tvo_czaf%
collide or a craft run out of fuel in the sessions used for
analysis. 8Since exact calculations wvere not pezforied, good
performance vas probably the zgsult of processing mechanisas
that vere conservatively bilased. That 1s, friendlies vere
probably not sent to the edges of their fuel ranges, and any
pair of friendlies vere probably kept separated by more than
the distance necessary to avold collision. Unfortunately,
no mechanisms could be developed to operate in a fashion
consistent with these behaviors, other than by simply adding
a conservative tolerance to the equations used in the exact
calculations. This {increase 1in complexity would not
increase the psychological plausibility of these mechanisas,
though, since the wmechanisms would still based on exact

(albeit conservative) calculations. Therefore, it vas
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decided to use the simpler, exact calculations in order to
produce behavior in high-level agreement vith crev behavior.
The issue of identifying psychologically plausible mech-
anisms to perform fuel range estimation and collision
avoidance vas not addressed further.

Unlike the scout searching affordances, the parameter
values in the Friendly Search Affordance Mechanism are not
related to forest density. This is due to the fact that the
speed of friendly craft motion 1is not affected by forest
density vhen the craft fly above tree level. Although crevs
differed with respect to their ability to keep the friendly
craft above tree level, the friendly craft vere kept above
the trees for the majority of time by each of the three
crevs, Therefore, the affordance values were based on the
assumption that the friendly craft would £fly above tree
level and thus be unaffected by forest density.

The only difference betwveen the three crews in terms of
friendly search perceptual mechanisa parameters concerns the
friendly-scout coordination affordances. Since Crev 1 vas
hypothesized to not differentiate betveen the scout and
friendly craft, the model for this crewv vas not designed to
give any extra veighting to friendly craft search vaypoints
that wvould enable coordination with the scout.

The parameters for describing scout vaypoint selection
in the Crev 1 model A4iffer from the friendly vaypoint

selection parameters in tvo respects. Flrst,‘since Crev 1
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confined scout activities to open regions (presumably due to
slov autopilot travel through forests), the search afford-
ance value of forested regions vas set equal to zero. In
addition, since the scout cannot coordinate its activities
with itself, the coordination affordance vas not used to
determine scout vaypoint affordances.

The f£inal set of perceptual mechanisas to be discussed
concern sensitivity to affordances pertaining to loading
cargo, attacking enemay cratt, traveling to home base,
avoiding collisions, and maintaining craft altitude. Since
the parameter values in these mechanisms were hypothesized
to vary greatly betveen the crews, the method that vas useh
to select the parameter values should be described. As
discussed previously in this chapter, the modeling approach
is based on the assumption that the role of the perceptual
mechanisms 1is to provide information that 1Is used ¢to
implement, but not detexmine, a particular strategy. This
assumption is based on the framevork developed for describ-
ing highly skilled performance. In the suggested framevork,
strategic issues are properly discussed at the teleological
level vwvhere task goals are considered to determine hov a
particular strategy could be developed off-line, or incre-
mentally, by a process of learning or reasoning. It vas
arqgued that, for modeling purposes, these issues can be kept
distinct from the issues concerning hov a given strategy is

implemented in real-time.
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S8ince the current modeling addresses only the im-

plementational 1issues, it Ray seem as if the process of
parameterizing these perceptual wmechanisms 1is shallov or
descriptive. That 1is, the parameterization approach is
based on considering vhat different sets of affordance
values might be sufficient to generate the high-level, stra-
tegic differences that vere observed 1in the experiments.
The selected parameter values are thus responsible for
implementing a given strategy, but they do not indicate hov
a particular strategy might have evolved through learning.
The final set of perceptual mechanisms are described in
Table 7 on the followving pages. Different parameter values
in the cargo affordance mechanisa vere used to adjust for
the degree to which the three crevs differentially psed the
scout to load cargo. The parameter value used for Crev 1
results in identical cargo affordance calculations for both

the scout and friendly craft. The parameter values for the

other tvo crews result in lover cargo affordance values for
the scout relative to the friendly craft. Given a scout and
friendly craft wvith identical distances to a given cargo,
fuel levels, numbers of missiles, and veight carrying
capacities, the scout would have a 1lowver affordance for
loading the cargo than would the friendly craft.

In both the Cargo Affordance Mechanism, the distance
betveen the craft and the cargo (DC) enters the affordance

calculation in the folloving wvay (see Table 7). The factor
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TABLE 7

OBJECT PERCEPTUAL MECHANISMS

Mechanism Name: Cargo Affordance Mechanisa

Description ¢ Generates the cargo-loading affordance used

Parameters

by the Object Selection Mechanisa to select
scout and friendly craft activities.

¢ 8C = The ratio of scout to friendly craft
cargo affordances. A lov value of SC
results in a lov affordance for scout
cargo loading relative to the friendly
craft affordance. A unit value for SC
results in no difference betwveen the
scout and friendly craft affordance
calculations.

The affordance for a cargo-craft pair is calculated as

follovs:
Let,

DC =
UN

wC

FB

Then, {f

the distance betveen the cargo and the craft
1 1f cargo can be loaded and unloaded at home
base wvithout the craft running out of fuel or
the mission teraminating,

0 othervise

1 1£f the craft has at least 2 missiles,

0 othervise

1 1f the craft has enough veight carrying
capacity remaining to load the cargo,

0 otherwvise

1 1£f the cargo is not within 0.4 miles of a
fixed enemy craft,

0 otherwise

the craft is a friendly, the atfordance is:

MAX [ 0, ((1 - DC/7) x UN x M8 x WC x FB) ]

And, 1f the craft is the scout, the affordance is:

MAX [ 0, ((1 - DC/7) x UN x M8 x WC x FE x 8C) ]

Thus, the affordance is greatest wvhen the DC is small,
and is equal to zero vhen DC is at least 7 miles.

Values

: Parameter Crev 1 Crev B Crev 2
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TABLE 7
(continued)

OBJECT PERCEPTUAL MECHANISMS

Mec -1 ) me: FPixed Enemy Affordance Mechanisa

Description : Generates the fixed-enemy affordance used
by the Object Selection Mechanism to select
scout and friendly craft activities.

Parameters ¢ FF = A number in the interval {[{0,1] that
determines friendly craft affordance
from the "nominal"™ fixed enemy
affordance.

SF = A number in the interval (0,1) that
determines scout affordance from the
"nominal® fixed enemy affordance.

The nominal affordance for a enemy-craft pair is
calculated as follows:

Let,

1)) 4 the distance betwveen the enemy and the craft
UN = 1 if enemay can be attacked without the craft
running out of fuel or the mission terminating,
0 othervise

1 if the craft has at least 3 missiles,

= 0 othexrvwise

M8

Then, the nominal affordance (NOM) is:
NOM = MAX [ O, ((.85 - .85xDE/7) x UN x MS) )

Thus, the nominal affordance is greatest vhen DE is small,
and is equal to zero wvhen DE is at least 7 miles.

For the friendly craft, the affordance is: NOM x FF

FPor the scout, the affordance is: NOM x SF

Values ' : Parameter Crev 1 Crev 2 Crev E

FF 0 1 1
sFr 1 0.33 0.33
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TABLE 7
(continued)

OBJBECT AFFORDANCE MECHANISMS

Mechanism Name: Home Affordance Mechanisa

Description ¢ Generates the home affordance used by the
Object Selection Mechanisa to select scout
and friendly craft activities

Parameters ¢t CH = Gain on nominal home affordance due
to need to unload cargo

The home affordance is the maximum of three nominal home
affordances: the affordances for unloading cargo (NOMC),
for refueling (NOMF), and for resupplying missiles (NOMM).
The three nominal affordances are calculated as followvs:
Let,

X8F = The percent of current fuel that is in excess of
the amount of fuel needed to safely return home,
given that the current fuel level is not sufficient
to last until the end of the mission.

WCR = The wveight carrying capacity remaining in pounds
(0 < WCR < 1000]).

MIS = the number of missiles carried (0 < MIS < 6 ]

Then, the nominal home affordance for refueling is:

NOMF = 1.0 - XSF/100
The nominal home affordance for cargo unloading is:
NOMC = (1000 - WCR/1000)/1000

And the nominal home affordance for resupplying missiles

is:

NOMM = 1 1if MIS is 0 or 1; 0 othervise

The home affordance is:

MAX [ 1, MAX(NOMF,NOMM, (CH x NOMC)) )

Values : Parameter Crev 1 Crev 2 Crev E
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TABLE 7
(continued)

OBJECT AFFORDANCE MECHANISMS

Mechanism Name: Mobile Enemy Affordance Mechanism

Description ¢ Generates affordance for attacking mobile
enemies used by Object Selection Mechanism
to select scout and friendly craft
activities.

Parameters : None

The affordance value for the friendly craft equals 1,01
vhen the craft is locked-on by mobile enemy craft radar.
The affordance value for the scout equals 1.01 vhen the
scout s belov tree level and locked-on by mobile enemy
craft radar. These are the situations in wvhich the craft
cannot typically escape from the attacking enemy craft. :

Mechanism Name: Collision Affordance Mechanisa

Description ¢ Generates affordance for taking a collision
avoidance action for a friendly craft. Used
by the Object Selection Mechanism to select
scout and friendly craft activities.

Parameters . : None

The affordance value equals 1.00 vhen a craft is expected
to collide with another friendly craft. Taking an
avoidance action vith the first of the twvo relevant craft
zeros the collision affordance for both craft.

Mechanism Name: Friendly Up Affordance

Description ¢ Generates affordance for assigning an up
action for a friendly craft. Used by the
Object Selection Mechanism to select scout
and friendly craft activitlies.

Parameters ¢ None

The affordance is zero for all craft above tree level and
for craft belov tree level in open regions. A value of
0.1 is incrementally added to the affordance level each
time the map display is vieved for craft down in forests,
up to a maximum of 1.0
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(1 - DC/7) 1is used to make the affordance for loading a
plece of cargo a function of the distance betwveen the craft
and the cargo locations. The distance is divided by seven
to normalize distances betveen seven and 2zero miles ¢to a
zZero-one range. Although the maximum possible distance
betveen a craft and a cargo {is approximately 14 miles, the
zero value on the scale is set to seven miles to increase
the sensitivity of the affordance calculation to small
differences in distances. The maximization operation in the

affordance calculation ensures that a negative affordance

value is never produced. A similar distance calculation is
used in the Fixed Eneay Affordance Mechanisnm. .
The Pixed Enemy Affordance Mechanism vas similarly
tuned to the varying degrees to vhich the three crevs seemed
to differentiate betwveen the scout and friendly craft.
Given a nominal affordance level as described in the table,
the affordénce values for each crew for both the scout and
friendly craft vere expressed as functions of this nominal
value. The nominal affordance vas defined to the (same)
affordance used for the scout in the'Crev 1 model and for
the friendly craft in the models of Crevs 2 and E. 8Since
Crev 1 did not attack fixed enemy craft wvith friendly craft,
this nominal affordance vas nulled in this model for these
craft. 1In addition, since Crews 2 and E did not often use
the scout to attack fixed enemy craft, this affordance value

vas lessened for the scout in these tvo models. The maximum
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possible fixed enemy affordance value produced by this
mechanisa 1is 0.85, vhereas the maximum possible cargo
affordance value is 1.00. This difference vas required due
to the fact that less points vere scored by destroying a
fixed enemy than vere scored by unloading a plece of cargo
at home Dbase. Therefore, loading cargo vas preferred to
attacking fixed enemy craft.

The home affordance parameter values wvere also tailored
to individual crews. The home affordance due to the need to
unload cargo used in the Crev 1 model vas greater than in
the other tvo crev models to produce behavior consistent
with Crev 1's policy of serially processing cargo wvith thé
scout and friendly craft. As discussed previously in this
chapter, the maximization operation 1in the Home Affordance
Mechanism wvas used to generate a thresholding of the
affordance values. The final three perceptual mechanisas,
the Moblle Bneay, Collision, and Up Affordance Mechanisams
were identical in the three crev models,

The affordances produced by these perceptual mechanisas
provide the input to the selection mechanisas described in
the previous chapter. As mentioned above, the same selec-
tion mechanisms wvere used to model all three crews. Thus,
the parameter values given above for both the perceptual and
action. mechanisms vere, with one exception, the only
adjustments made to fit the behavior of the human crewvs.

The final parameter that wvas manipulated vas the time
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required for the perceptual mechanisms to operate. Up to
this point, the only mechanisas that have been assumed to
require processing time have been the action mechanisas that
simulate observable control activities at the interface. 1t
is obvious that, in the terminology of the present model,
the operation of the crevw's perceptual and selection
mechanisas cannot be instantaneous. Unfortunately, there
are no directly measurable data that could be used to
estimate this time. |

Therefore, the processing time due to the operation of
the perceptual and selection mechanisas vas estimated by
examining the behavior of the model vwith different tillné
parameters,. The need to consider this time parameter
surfaced during the Crev 1 model fitting process. For this
crev especlally, 1t vas found that the model produced far
too little idle time for the friendly craft. The amount of
idle time produced by the Crev 1 model that was due solely
action mechanisa delays vas roughly one half of the craft
idle time observed for Crev 1. Therefore, some perceptual
or central delays had to be assumed in order to match the
behavior of this crev. Perceptual or central delays also
had to be assumed for the Crev 2 and Crev E models as vell,
although these were much smaller than the delay used for
mimicking Crev 1. The pexrceptual mechanism processing time
parameters that seemed to provide best fits to the data

vere: Crev 1 model - 3 seconds; Crew 2 model - 1 second;
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Crev B model - 0.5 seconds. These times reflect the amount
of time required by the model to update the array of afford-
ances each time the model "looked"™ at the vorld display.
These parameter values vezev selected because they provided
the best fits to crev performance.

Table 8 on the following pages provides a summary of
the parameter values that were manipulated in the attempt to
mimic the performance differences betveen the three crevws.
Only those parameters that vere varied to f£it the crevs are
included in the table. This concludes the discussion of the

model parameterization process.



Mechanisn:
Parameter:

Crev 1:
Crev B:
Crev 2:

Mechanlisa:
Parameter:

Crew 1:
Crev E:
Crew 2:

Mechanisa:
Parameter:

Crev 1:
Crev E:
Crev 2:

Mechanisnm:
Parameter:

Crew 1:
Crev BE:
Crew 2:

Mechanisa:
Parameter:

Crev 1:
Crew E:
Crev 2:

Mechanism:
Parameter:

Crev 1:
Crev EB:
Crev 2:
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TABLE 8

SUMMARY OF PARAMETER VALUES

Scout Actlion Mechanism
serial vs. Parallel scout & friendly control

Serial
Serial
Parallel

Fixed Enemy Action Mechanism
Fixed enemy action command

Not used
E:",G,A,A,A
E:"*,G,A,A,A

Search Action Mechanism
Search action command

8:~,G
8:~,G,P
s:~,G

Home Action Mechanism
Home action command

X:U (no cursor required)
X:U (no cursor required)
8§:%,G,v,U (cursor required)

Motion Action Mechanisma
Manual versus Autoplilot scout control

Autopilot Control
Manual Control
Manual Control

Manual Control Mechanism
Destination affordance as a percent of
local affordances.

Not used
100%
100%
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Mechanism:
Parameter:

Crevw 1:
Crev B:
Crev 2:

Mechanism:
Parameter:

Crev 1:
Crev EB:
Crev 2:

Parameter:

Crev 1:
Crev E:
Crev 2:

Mechanisnm:
Parameter:

Crew 1:
Crev B:
Crew 2:

Parameter:

Crev 1:
Crev B:
Crev 2:

Mechanism:
Parameter:

Crew 1:
Crevw E:
Crew 2:

TABLE 8
(continued)

SUMMARY OF PARAMETER VALUES

Button Pressing Mechanism
Button Pressing time

1.50 seconds
0.75 seconds
0.75 seconds

Cursor Moving Mechanisa
Fitts Lav intercept

2 seconds
1 second
1 second
Fitts Lav slope
0.33 seconds/bit

0.15 seconds/bit
0.15 seconds/bit

Editing Mechanism

Time to enter a mobile attack command

4.0 seconds
3.0 seconds
3.0 seconds

Time to enter all other commands

9.0 seconds
4.0 seconds
5.0 seconds

Joystick Control Mechanism
Maximum scout speed

Not used
80 m.p.h
65 a.p.h
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Mechanisn:
Parameter:

Crevw 1:
Crev E:
Crew 2:
Crev 18:

Parameter:

Crev 1:
Crevw E:

Crev 2:
Crew 18:

Mechanism:

Parameter:

Crevw 1:
Crev B:
Crev 2:
Crev 18:

Mechanism:
Parameter:

Crev 1:
Crev B:
Crev 2:

Mechanism:
Parameter:

Crevw 1:
Crev B:
Crev 2:
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TABLE 8
(continued)

SUMMARY OF PARAMETER VALUES

Friendly Search Affordance Mechanisa
Search affordance of light forests

2
2
2
0

Search affordance of heavy forests

ONNN

Friendly-Scout Coordination Affordance
Mechanisa

Affordance of regions simultaneously
coverable by scout and friendly craft

0
3
3
Not used

Cargo Affordance Mechanism
Ratio of scout to friendly craft affordance

1.00
0.33
0.67

Fixed Enemy Affordance Mechanisa
Ratio of friendly craft affordance to
nominal affordance

0
1
1



Mechanism:
Parameter:

Crev 1:
Crev BE:
Crev 2:

Mechanisnm:
Parameter:

Crev 1:
Crev E:
Crev 2:

Mechanisnm:
Parameter:

Crev 1:
Crev E:
Crew 2:

TABLE 8
(continued)

SUMMARY OF PARAMETER VALUES

Fixed Enemy Affordance Mechanism
Ration of scout affordance to nominal
affordance

1.00
0.33
0.33

Home Affordance Mechanisam
Gain on home affordance due to need to
unload cargo at home base

3
1
1

All Perceptual Mechanisas
Updating time

3.0 seconds
0.5 seconds
1.0 seconds
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Model Evaluation
The performance measures described in Chapter 1III that
vere used ¢to cénstruct crev profiles wvere also used to
construct profiles from thev behavior produced by the model
with each of the three patanetér sets. The model vas run on
each of the same eight world-configuration/payoff-structure
combinations used in the three crew experiments. Thus, the
model wvas run on each world configuration twice, once with
the payoff favoring cargo processing and once wvith the
payoff favoring eneay processing. S8ince the model 1is not
sensitive to payoff structure information, the model shouldq,
theoretically, produce the same stream of behavior and vorld
events in the two runs-u;lng the same wvorld configuration.
Here, unfortunately, Iimplementation details serve to
cloud the 1ssue. Since the computer system on which the
model ran wvas not dedicated to this modeling task, there vas
some chance that the execution of other users' tasks could
slightly alter the time required for one of the mechanisas
to process information. For example, in one run of the
model a certain cargo vas discovered a fraction of a second
before a different cargo wvas discovered, but in the second
model run, this sequence vas reversed. This would, in turn,
alter the friendly craft assignments to these cargo,
completely changing the locus of the paths traced out by the
tvo friendly craft in traveling to these cargo. This change

vould then result in differences in the times at vhich the



209

remaining cargo were discovered and enemy craft vere

encoun?ered. Within a fev minutes after the minor diverg-
ence betwveen the two model runs, the two models would be
operating on highly different wvorlds and producing entirely
different streams of behavior.

To reduce the severity of such effects, the model vas
run at hours vhen there were no or very few other users.
Bven, though, wvhen the model and simulation vere the only
tasks running on the computer systen,' there vas typically
some divergence in model behavior betwveen successive runs,
probably due to external or historical factors that altereq
the vay in vhich the many computer programs comprising th;
model vere selected for processing by the cpu scheduler.
This scheduler is responsible for determining the orxder in
vhich the many programs avalting cpu time vere executed.
Certain factors appeared to contribute to these scheduling
operations that vwere not controllable by the computer user.
For example, the scheduler would sometimes perform system
maintenance operations during the time in which the model
vas running, thereby slightly altering the vay in vhich the
model's programs vere selected for execution. For analysis
purposes, then, the actual stream of behavior produced by
the model 1in any given run is perhaps vieved as a somevhat
Yaccidental” property of the model, vhereas the relevant
outputs of the model are the behavioral invariants that can

be discovered in higher level performance assessaents.
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The same performance measure calculations were used to
analyze the data produced by both the model and the human
crews.‘ The degree to which the model and crew profiles
agreed was used as a measure of the empirical adequacy of
the model for each crew. As in the crew profile compar-
isons, a t-test was used on each performance measure to
provide a measure of similarity between model and crew
behavior. Due to the fact that the model could produce
very similar behavior 1in each pair of sessions using the
same world confiquration, a correlational analysis of the
data produced by the model was performed to determine the
approprlate degrees of freedom that should be used t;
analyze model performance. The only measures on which the
model's performance wvere found to be highly correlated
between the two sessions on the same world confiéuration
vere the measures of area searched by the scout and the
total area searched by the models of Crews E and 2. For the
statistical tests using these measures, then, the degrees of
freedom were reduced to account for the fact that the intra-
world variabllity produced by the model was very low.

Two types of similarity tests were performed. The
first type measured to similarity between each human crew
and the model used to mimic that crew. For each of the 22
performance measures in the profiles, t-tests were used to
identify whether crew and model performance differed, using

the same significance level as was used in the comparisons
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between the three human crevws. These tests will be referred
to as similarity tests 1in the folloving chapter vhere the
modeling results are discussed.

This method of measuring model adequacykls problematic,
of course, due to the fact that high variablility in model
performance can serve to render all comparisons betveen crew
and model performance statistically insignificant. To guard
against this possibility, each of the three crev models vere
also compared against each other, in the hope of obtaining
the same pattern of differences between the three models as
vas observed between the three crevs. These tests cannot
be artificially passed due to high variability in model
"perfoznance, and will be referred to as configural tests in
the following chapter. It should be pointed out, though,
that the variablility in performance on almost every one of
the 22 measures vas 1lover for the model than for the human
crevs. This £finding strengthens the validity of the
similarity testing procedure, and suggests that running
additional model sessions to improve the powver of the
statistical tests is of limited utility.

The use of certain assumptions that are known to be
false presents some problems for the model evaluation
approach. The flrst such assumption concerns the simplified
set of action commands used in the model to control the
friendly craft. As mentioned above, crevs used a range of

different action commands for essentially the same purpose,
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although the rationale behind command selection could not be
hypothgsized. The inability to determine policies for use
of the "up" action is one important example. Crews 1 and 2
usually prefaced search, ‘catgo, and fixed enemy attack
actions with "up” actions, but this vas not alvays the case.
Since consistent policles for "up" action usage could not be
found, the behavior of these crevs vas approximated in the
model by using the action commands that these crevs used
most frequently: those contalining "up® actions. Therefore,
the performance of the model might be expected to differ
with the performance of Crews 1 and 2 vith respect to thg
measure of the percent of time spent above trees for the
friendly craft. Note that it should be possible to achieve
a better match wvith the data on this measure by 1including a
pseudo-random component in the model that would seléctively
employ "up" actions wvith the same relative frequency as used
by the crews, although this gain in empirical adequacy would
not provide any additional 1insight into the reasons vhy
crews differentially used the "up" actions in their friendly
craft command strings.

Additional issues assocliated with the use of false
assumptions will be discussed as they arise in the discus-
sion of modeling results in the folloving chapter. The
example discussed above has been presented in some detail to
convey the conplexlty' of the problems assoclated vith

attempting to validate a generative model, vhich is known to
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be simplified, by comparing 1its behavior with the behavior
of human subjects.

A similar yet related problem is trying to isolate just
those empirical data that should be used to evaluate the
model, since the assumptions of the modeling approach are
only intended to apply to a restricted range of empirical
phenomena, namely, highly skilled performance. It became
clear that, even vith the most highly skilled crev, sit-
uations arised for vhich the crev would attempt to generate
novel solutions to familiar pzoblens, in an attempt to
improve on steady-state strategles. Unfortunately, thg
behavior associated with these "experiments" is embedded
within the stream of behavior produced by the mechanisams
that vere hypﬁtheslzed to produced highly skilled per-
ceptually-based behavior. Unless these data can be teased
out, there is a danger of penalizing the model for failing
to deal with phenomena for wvhich it wvas not designed to
account.

On the other hand, there 1is also a possibility of
inappropriately crediting the model for producing empirical-
ly adequate behavior when that behavior is generated "for
the wrong reasons." For example, the model may produce
behaviorally valid results due to a fortuitous cancellation
of the effects of erroneous assumptions. It is natural
during the model fitting process for attention to be drawn

to wmismatches betwveen model and human behavior, often
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alloving for model deficiencies that do not directly produce
inappropriate activity to go unnoticed.

As a final note concerning the validity of comparing
model and crev behavior, one adjustment made to the dynamics
of the controlled system must be discussed. As mentioned
above, the model used for mimicking the behavior of Crewv 2
did not attempt to scatter the vaypoint destinations of
friendly craft around home base. It wvas hypothesized that
Crev 2 scattered these vaypoints to lessen the probability
of two craft colliding vhile returning home. (None of the
three crevs had tvo craft collide in the sessions used for
analysis). The model contained two provisions for avoidiné
collisions. The £first wvas to exclude search vaypoint
assignments that would result in expected collisions. The
second vas the use of a perceptual affordance mechanism
specifically designed to identify potential collisions. The
affordance value produced by this mechanism would signal the
action mechanisas to implement an evasive action with one of
the friendly craft.

Even though the model contained these provisions for
collision avoidance, it wvas found that craft collisions
occurred in the sessions performed by the model with too
high a frequency. The major reason for this problem seemed
to concern the limited ability of the model to emaploy self-
referential reasoning. ¥Vhen the model vas evaluating wvhich

potential friendly craft wvaypoints could result in col-
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lision, the model had to rely upon knovledge of the time at
vhich _the friendly craft would be expected to begin its
travelhto the wvaypoint. But this time depended upon the
time at which the model "itself" vould be able to determine
and implement a course of action. This time, of course,
vas partlially determined by wvhether the waypoint that vas
currently under consideration would be free of collision, or
vhether additional wvaypoints and other actions had to be
explored, evaluated, and compared. And vhether or not the
current wvaypoint under consideration would cause a collision
vas determined by . . ., and so on. This difficulty vas
compounded by the fact that the mechanism computing th;
vaypoint affordance did not have access to other contextual
information that impacted the ¢time at which the friendly
craft would initiate travel to the wvaypoint. Since no
original solution to this problem was forthcoming in this

research, the solution that was adopted was to radically

decrease the distance between two craft that would cause a
collision. Therefore, the model did not attempt to scatter
vaypoints around home base in an attempt to avoid a col-
lisions between friendly craft. This alteration 1in the
collision distance calculation was the only change made to

the dynamics of the system to accommodate the model.



CHAPTER VII

MODELING RESULTS

Introduction
In this chapter, the results of crew modeling will be

discussed. As described in the previous chapter, twvo types
of tests were performed to assess the empirical adequacy of
the model for each crew. Similarity tests wvere performed to
identify hov vell the parameterized models produced behaviog
in agreement with the crew performance profiles described 16
Chapter III. Statistical tests were used to identify any
differences between crewvs and their associated models on
each performance measure. Since success on these tests can
be inappropriately achieved due to high variability in model
performance, configural tests were also performed to assess
how well the performance differences between each pair of
crevs vere also exhibited by each assocliated palr of crew
models. These configural tests are more stringent measures
of the empirical adequacy of the crev models. At the end of
the chapter, general conclusions pertaining to inter-crew

differences and model adequacy will be discussed.
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Summary of Results

TQis section is a general summary of the results of
both the similarity and configural tests. After this
overviev, the adequacy of the crev models vith respect to
each of the 22 performance measures in the crewv and model
profiles will be discussed in more detall.

A total of 66 similarity tests vere performed (3 crev-
model pairs each using 22 measures). In 58 of the tests,
model and crev performance could not be differentiated. all
crev models satisfled tests assocliated with points scored,
discovering cargo and enemy craft, and successfully process-
ing cargo and enemy craft. Alﬁo satisfled wvere all tests
associated with the differential usage of the scout and
friendly craft pertaining to these measures. On the other
hand, the model falled to achieve consistency vith crew
performance on eight of the 66 measures. (Only 3.3 failures
vould be expected due to chance |f the measures vere
independent: 66 tests x .05 alpha level. More failures
vould be expected 1f the measures vere not independent). Of
these failures, one occurred for the model of Crew 1, three
occurred for the model of Crew 2, and the model of Crew E
failed on four performance measures. All three models
failed on the measure of the time spent for friendly craft
above tree level; in each of these cases the difference
betwveen model and crev performance vas approximately 13%.

As vill be discussed below, two of the Crev E model fallures
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pertaining to searching performance appear to be attribut-

able gon-statlonatlty in Crewv E behavior that was not
captured by the model.

For analysis of the‘ results of the more demanding
configural tests, four types of test results vere defined.
A "hit" wvas defined as an agreement betwveen the comparison
tests for each palr of crevs and the assoclated crev models
on a specific performance measure. For example, i{if Crevw 1
sighted less cargo than Crev 2, and the Crev 1 model sighted
less cargo then the Crev 2 model, this test vas scored a
hit. Another type of hit is wvhen neither the crewvs nor thg
associated crev models differed on a measure. A "miss" va;
defined as a difference exhibited betveen a pair of crews on
a specific measure that vas not exhibited by the associated
palr of crev models on that measure. A "false alarm" wvas
defined as a difference that was £ound between a palr of
crev models that was not exhibited by the associated pair of
crevs, Finaily, a "reversal" wvas defined as a case vhere
crevs differed in one direction, wvhereas the assoclated pair
of crev models differed in the other direction. For
example, if Crev 1 loaded more cargo than Crew 2, but the
Crev 1 model loaded 1less cargo than the Crew 2 model, this
result vas termed a reversal.

As vith the similarity tests, a total of 66 configural
tests vere performed (3 palrs x 22 performance measures).

Of these 66 tests, 54 were hits, flve vere misses, six vere
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false alarms, and one test resulted in a reversal. Three of
the misses occurred in the comparisons of the models of
Crews 1 and E, and the other two misses concerned the
comparisons of the models of Crews 2 and BE. With all five
misses, the model pairs and crev pairs differed in the same
direction, although the difference in model performance vas
not great enough to achieve significance.

Of the six false alarms, three occurred in the compar-
isons of the models of Crewvs 1 and 2, and the other three
misses occurred 1in the comparisons of the models of Crews 1
and E. With all six false alarms, the model pairs and crev
pairs differed 1in the same direction, although the differ-
ence |In -odelivpgffqr-ance vas great enough to achieve
significance vhereas the difference in crew performance vas
not. The reversal concerned the comparison of the time
spent above trees by the friendly craft for Crews 2 and E

and their respective models.

Modeling Results
In this section, the results of the similarity and

configural tests will be discussed 1in greater detall.
Figure 17 on the following page indicates the average number
of points scored per session and the average number of enemy
craft destroyed per session for each of the three crevws and
each of the three crev models. At the top of each graph,

any significant differences between the performance of each
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pair of crews and each pair of crew models are noted. In
later graphs vhere there are similarity test failures, any
significant differences betwveen each crev and its respective
model will be noted as vell; As can be seen 1n_ Figure 17,
the three crev models satisfied all three similarity tests
vith respect to the measures of points scored and enemy
craft destroyed. In addition, the configural differences
betwveen the three subjects all also replicated by the three
models.

Figure 18 on the following page shows crew and model
performance concerning the number of enemy craft destroyeg
by the scout and friendly craft. Once again, no model
differed from its respective crew on either of these
measures. On the other hand, Figure 18 represents the first
configural test failure, a miss in this instance. Crev 1
destroyed significantly less enemy craft with the scout than
did Crev E (3 versus 5.45 enemy craft). The model of Crew
1, on the other hand, did not destroy significantly less
eneny craft with the scout than did the model of Crev E,
although a similar trend wvas exhibited (3.25 versus 4.02
eneay craft).

Figure 19 on the next page indicates the total number
of cargo unloaded at home base and the percent of discovered
cargo that vere eventually unloaded at home base. Oonce
again, all similarity tests vere satisfied with respect to

these tvo performance measures. On the other hand, the
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difference between Crevws 2 and E on the measure of the
pezcen§ of discovered cargo returned to home base wvas not
replicated by the models of Crews 2 and E. The reason that
the similarity tests vere satisfied but one configural test
vas failed on this measure seems to be that the twvo crew
models performed at a level half-wvay betwveen the performance
of the two crews. Thus, the two models wvere similar enough
to their respective crews on this measure, but not suf-
ficlently different to replicate the small but significant
difference between these two crews.

The fact that the twvo models did not differ on thly
measure is due to the fact that no parameters were altered
betwveen these twvo models in an attempt to generate different
performance on this measure. This measure represented one
of the few differences between Crews 2 and BE. The major
phenomena that wvas selected to be explained concerning these
tvo crevws was howv they were able to achieve such similar
performance given their difference in crew size. The Crev E
model vas able to achieve the performance of the Crew 2
model despite the fact that its action mechanisms were con-
strained to perform consistently with assumptions concerning
the peripheral 1limitations associated with the one-person
crev condition. That this similarity in performance vas
achieved vithout replicating the superior ability of Crew E
to unload a higher percentage of discovered cargo suggests

that this superiority was not a major factor contributing to
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Crev E's ablility to perform at the level of a two-person

crewv.

Figure 20 on the followving page indicates the average
number of cargo unloaded by the scout and frilendly craft for
each of the three crews and each of the three crev models.
All six similarity tests and all six configural tests vere
satisfied with respect to these tvo performance measures.

Figure 21 on the next page indicates the average number
of friendly craft destroyed and the average number of cargo
discovered for each of the three crews and three crew
models. All six similarity tests pertaining to these tw9
Reasures vere satisfied. Only five of the six configural
tests vere satisfied, though, as the comparison between the
models of Crew 1 and~ Crev E ylielded a false alarm vith
respect to the average number of craft destroyed. No
significant difference on this measure occurred between Crew
1 and Crev E, although Crew 1 averaged 1.29 craft destroyed
per session vhereas Crev E averaged 0.57 craft destroyed per
session. The model of Crev 1 averaged 1.38 craft destroyed,
and the model for Crev E averaged 0.38 craft destroyed per
session, the difference between the tvo being statistically
significant.

The failure of the model to achieve the appropriate
configural results on this measure is particularly difficult
to interpret. The author's extensive experience at this

task suggests that the number of friendly craft destroyed
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has a very large effect on the number of points scored. 1In
additiqn to the 600 points that are deducted, the craft is
not avalilable to be used to earn points for the rest of the
mission. The fact that c:eﬁ 1 averaged more than twvice as
many craft destroyed as Crew E, vwvhile being statistically
insignificant, almost surely contributed to the statistical-
ly significant difference betwveen the twvo crews in terms of
total points scored. It would be almost impossible to
average as many craft destroyed as did Crev 1 and still
score as many points as did Crev E.

Figure 22 on the following page 1indicates the avetagg
number of cargo discovered by the friendly craft and th;
scout. All six similarity tests pertaining to these twvo
performance measures vere satisfied. With respect to the
configural comparisons, one of the six tests resulted 1in a
miss. Crev 1 sighted significantly less cargo with the
scout than did Crev B (2.3 versus 5.1 cargo). The model for
Crew 1 sighted less cargo with the scout than did the model
for Crev 2 (3.2 versus 5.3), but this difference wvas not
significant.

Figure 23 on the next page indicates the average time
duration between 1loading and unloading cargo, and the
average number of times the craft returned to home base to
unload and refuel. All six similarity tests pertaining to
these tvo measures wvere satisfied. On the other hand, four

false alarms vere evidenced in the configural tests due to
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these measures. With respect to the duration between cargo
loading and unloading, the difference between the Crev 1
iodel and Crev 2 model, and the difference between the Crew
1l model and the Crev 3 model vere significant, vhereas the
corresponding differences in Crev performance vere not. An
examination of the session by session data indicated that
the Crev 1 nmodel had a wmuch lowver variabllity on this
measure than Crew 1. Although the mean durations vere
similar enough so that the Crev 1 iodel did not differ
significantly from Crew 1 on this neasdre, the much lover
variance for the model resulted in significant dlffezencgg
betveen the Crew 1 model and the other two models.

The fact that the Crewv 1 model had a shorter average
duration between the times at which cargo vere loaded and
unloaded vas caused primarily by the way in wvhich this model
serially processed cargo. Crev 1 vas observed to have this
sub-optimal policy, therefore the home affordance parameter
reflecting the need to go home to unload cargo vas raised in
this model to produce this behavior. This serial cargo
loading-unloading policy probably also resulted in the tvo
false alarms pertaining to the number of times craft vere
sent home to unload. The Crev 1 model sent friendlies home
significantly more often than did the models of Crewv 2 and
Crev E, where;s there wvas no such significant difference

betwveen the three crews.
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what these four false alarms seem to suggest |is that
Crev 1 wvas less rigid in his use of the serial cargo
loading-unloading policy than was the model of Crew 1. That
is, the consistent enploynént of the serial policy in the
model of Crev 1 vas probably exaggerated with respect to the
degree to vhich Crew 1 actually followved this policy. The
Crev 1 model, constrained to perform rigidly in adherence to
this policy, produced more highly stereotyped behavior
regarding cargo unloading than did Crev 1, vho may have been
a bit wmore flexible in his adherence to this policy. This
overly-stereotyped behavior from the Crev 1 model xesulteg
in less varlability with respect to the pe:foznaﬁce measures
in Figure 23, thereby resulting in four false alarms in the
configural tests.

This overly stereotyped behavior vas caused in large
part by the high veighting on the need to return loaded
cargo to home base 1in the calculation of the home action
affordance in the model of Crev 1. A large vwelight vas
requited to match Crev 1's performance on the measure of the
average (lovw) number of cargo unloaded per trip home by the
friendly craft (see below). Lowvering this weight resulted
in cargo processing behavior that was less stereotyped and
therefore resolved the mismatches on the measures nmentioned
above, but it caused the model of Crew 1 to unload too many
cargo per trip home by the friendly craft. It therefore

appears as i{f Crev 1l's cargo processing behavior could not
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be adequately simulated by a mechanism that used a single

para-eter to determine wvhen the friendly craft should be
sent h;le to unload cargo.

Figure 24 on the folloving page indicates the average
number of cargo unloaded per trip home by the scout and
friendly craft. The six similarity tests and six configural
tests pertaining to these performance measures vere all
satisflied.

Figure 25 on the next page indicates the average time
spenf idle for the scout and friendly craft. For the scout,
the similarity tests for Crews 2 and E and the models of
Crevs 2 and E vere not satisfied. These failures are du;
primarily to the difficulties that vere encountered in
trying to adequately interpret the craft 1idleness measure.
For the crewvs, idleness was measured in the following wvay.
Data were avallable concerning the position of each of the
craft, including the scout, every 10 seconds. To calculate
craft {dleness, the number of 10-second intervals wvas
counted in wvhich a craft moved 1less than a threshold
distance (representing 20 m.p.h). This number vas divided
by the total number of such intervals in the session (179
intervals). For the scout, the resulting number was used as
an estimate of the percent of time that the scout wvas not
being actively controlled. This number is a poor estimate
due to the grain size of the discetization used and the fact

that scout dynamics alloved the scout to glide an ap-
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preciable distance even after active control via the
joystick vas stopped.

The assumptions employed in the scout manual control
action mechanisas |in the models of Crév 2 and E vere
simplified in the following vay. The model of Crew 2, vho
had one crev member dedicated to scout manual control, had
no provisions for less than active control of the scout.
That is, no reasons were ever hypothesized'to assume that
the Crev 2 pilot vas ever doing anythlng' by controlling the

scout. Thus, the scout, under control of the Crew 2 model,

vas never actually idle. In orxder to compare Crew 2 and

‘model performance on this measure, then, the scout idleness

measure had to be interpreted not as genuine lack of control
effort, but rather as the inability of the Crev 2 pilot to
maintain acceptable scout speed.

The fluctuations in scout speed due to encounters with
wvorld objects (e.g. trees, home base) wvere not produced by
the model due to the use of a simplified mechanism for scout
locomotion. Therefore, the scout control behavior produced
by the model could not be tested against the idleness
measure used to analyze crewv performance. On the other
hand, it wvas imperative that the amount of scout motion
produced by the models of Crews 2 and E be consistent with
the behavior of these crevs. Therefore, the average
distances traveled by the scout per session for Crews 2 and

E vere measured. Crews 2 and E did not differ on this
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measure. For the Crev 2 model, then, the average speed of
travel for the scout vwas calculated under the assumption
that the plilot vas alvays performing scout motion control.
This average speed vas used as a parameter 1in the scout
action mechanisms, as described 1in the previous chapter.
Therefore, the average distance traveled by the scout vhile
under control of the Crev 2 model vas the same as vhen the
scout vas under control of Crew 2.

The Crev 8_lode1 could not be parameterized in the same
vay since Crev E wvas not assumed to be able to perform
continuous scout control due to the need to enter actlog
commands for the friendly craft via the text editor.
Therefore, videotapes were consulted that indicated that,
vhen Crev E vas performing scout motion control, the
joystick wvas typlically deflected to the -axinui degree
possible (80 w=m.p.h.). This speed wvas then used as a
parameter in the scout action mechanisms. Note, though,
that the scout in the Crew E model was only moved at this
speed during the time intervals in wvhich the model wvas not
performing control activity related to the friendly craft.
An analysis of the average distance traveled by the scout
under control of the Crew E model yielded the same average
distance as measured for Crev E.

Thus, the actual amount of scout control activity
exhibited by the models of Crevs 2 and E seemed to have been

consistent vith control activity exhibited by these crewvs.
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The measures of scout idleness that appear in the previous
£1gurg;have been calculated wvith the same measures used for
the crews, although for reasons discussed above, these
measures are not very neaﬁingful. They have only been
included to maintain consistency with the measures used in
Chapter III for the analysis of crev performance.
" The idleness measures for the friendly craft in Figure
25, on the other hand, are meaningful since friendly craft
locomotion wvas produced Iin the same wvay for both the crews
and the crev models. ¥With respect to this measure, all
tests wvere satisfied except for the fact that the Crew ?
model produced 1less idleness than did Crew 2 (18% versus
25%). When the Crev 2 model wvas adjusted to produce less
friendly craft 1dleness by tuning the time required to
update the perceptual mechanisms, the model performed vorse
than Crewv 2 on measures dealing with altercations with enemy
craft (too many friendly craft wvere lost).

This problem may reflect a serious deficliency of the
model. Namely, all perceptual mechanisms were assumed to
require the same time for updating, and this assumption may
be unreasonable. A more realistic assumption would be that
those mechanisms pertalining to lock-ons with enemy craft
might be updated more quickly than, for example, the
mechanisms responsible for detecting affordances associated
vith cargo. This difference might be due to the time-

criticality of reacting to encounters between £friendly and
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enemy craft, and the presence of an audio alara that
signaled lock-ons. This problem did not arise in the
process of fitting the model to Crev 1, since the same
(slow) perceptual updating time was consistent vith both
high measures of craft idleness and high numbers of friendly
craft destroyed. The problem did not surface in modeling
Crev E, since the same (fast) perceptual updating time vas
consistent vith both lov measures of craft idleness and low
numbers of friendly craft destroyed by enemies.

Figures 26 and 27 on the following pages indicate the
percentage of mission time spent above trees by the friendly
craft and the effectiveness with vhich the simulated vorld
vas searched. The reason for the failures in the altitude
tests vere discussed in the previous chapter, vhere it vas
noted that the use of a simplified set of action commands
for friendly craft control would require the average time
spent above trees for the friendly craft to be incorrect.
Fortunately, model performance did not seem to diverge from
crev performance on this measure to a great extent. |

All tests vere satisfied with respect to the amount of
vorld searched 1in total (Figure 26). For the amount of
vorld searched with the scout and friendly craft (Figure
27), the test fallures concern the model for Crew E. Crev E
searched more of the world with the scout than did the Crew
E model (65% versus 54%). Crewvw E also searched less of the

vorld exclusively with the friendly craft than did the Crew
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E model (128 versus 19%). Finally, the conflgural test
betveen the models of Crews 2 and E resulted in a false
alarm with respect to the measure of the amount of the world
searched with the friendly'craft. These three test failures
appear to be symptoms of one deficlency of the Crev E model.

The primary reason for these test results is that the
Crev E model searched less of the world vith the scout than
did Crev BE. This resulted 1in a greater amount of area
searched exclusively by the friendly craft. This result is
due to the fact that vhen both the scout and friendly cratt
have searched the same region, the measures used above
credit the scout, rather than the friendly craft. The
friendly craft measures reflect only the area that vas
searched exclusively by the friendly craft. Since Crev E
searched more area with the scout than did the model, less
area remained for Crewv E to possibly search exclusively vwith
the friendly craft.

The paths generated by Crew E and the model wvere
consulted to identify why Crev E searched 11% more area with
the scout than did the model. It was found that, in four of
Crev E's seven sessions, the scout vas flovn in forested
tegionsjfn the last fev minutes of the session. The model
provided a good f£it to the area covered by Crew E up to the
point at which the crev flew the scout directly into the
forest. The scout path planning model does not generate

paths through forested regions, as discussed in Chapter V.
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__One.ilkely hypothesis that would explain this diverg-
ence befﬁéen model and crev performance is that the crewv vas
able to reevaluate the relative value of forested and open
regions at the end of the mission vhereas the model vas not
able to perform this reevaluation. At the point vhere the
model and crev diverged, nearly all of the peak areas in the
search affordance map (see Chapter V) vere covered. Although
the model includes a provision to avoid backtracking through
previously searched reglons, |t stlil vas not able to
"realize™ that, near the end of the aission, the only
promising territory yet unsearched vere the forested
regions. The lov affordance for these regions pertaining to
difficulty in locomotlon was able to keep the model from
moving the scout into the forests. On the other hand, it is
conceivable that Crev E flew the scout into the forests at
the end of the mission because these were the only possible
regions with any search value, regardless of the decreased
speed of travel that would be incurred.

In the terms of the model constructs, Crev E wvas
possibly able to redefine the search value vector that
determined the relative worth of the different world
zegions:?zrhls vector determines which points in the vorld
wvill have the highest affordance levels. The model d4id not
produce this behavior because the search value was pro-
grammed in, and the model did not havevthe ability to "step

back" and re-evaluate the degree to wvhich this vector was an
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adéqhaté 'representation of the s;arch value of world
regions. - Although the theoretical possibility remains that
Crev E's paths could be adequately matched by a suitably
chosen fixed set of seérch affordance parameters, the
attempt to find such parameters wvas unsuccessful.

The model could be given the ability for re-evaluation
but this enhancement would be extremely computationally
intensive. For example, instead of relying upon the static
affordance maps that wvere created at the onset of the world
display, the model could iteratively recalculate this entire
map each time it "looked" at the map display. This recal-
culation vould incorporate knovledge concerning areas that
had been previously searched. At the end of the mission,
the peak affordance areas in such a map wvould most probably
be centered in forested regions, and the sc&ut would
therefore be commanded to these peak aieas. Unfortunately,
about five minutes of computer time are required to generate
each map, so it would probabiy take tens of hours for such a
model to perform one session given the current computer

resources.

COng;ugfohs
Five substantive deficiencies of the nodel vere
identified. With respect to the parameters used to mimic

the behavior of Crew 1, it was found that the Crev 1 model

may have been to rigid in its application of the serial
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cargo ptbcessing policy. It appeared as if Crev 1 was not

as strict’ in the application of this policy. The serial
processing policy {is then best vieved only as a rough, but
reasonable approximation of the behavior of Crev 1. This
deficlency of the model resulted in the fallure of four
configural tests.

With respect to the deficliencies of the Crev 2 model,
it vas hypothesized that the assumption that all perceptual
processors required equal time to be updated may not have
been realistic. Rather, it seemed as if certain processors
had to have been able to produce their affordances faster
than could other processors. This model deficiency resulted
in the failure of one similarity test and one conflgural
test.

The Crev E model wvas hypothesized to be deficiént vith
respect to 1its (nability to dynamically reevaluate the

search related wvorld affordances. A potential enhancement

to the model that would overcome this problem wvas discussed,
although its implementation vould be computationally
intensive. This model deficiency resulted in the failure of
tvo similarity tests and one configural test.

Theﬁuse of a simplified set of friendly craft action
commands caused differences between the models and the crevs
with respect to the average time spent by friendly craft
above tree level. Unfortunately, no consistent policies for

command selection could be identified that would allov a
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nofb-redlistic set of action commands to be employed i{n the
model. “ This model defliclency resulted in the failure of
three similarity tests and tvo configural tests.

Finally, the model could not be falrly compared vith
crev performance concerning idle .tlne for the scout craft.
The reason for this inability wvas that the 1idle time
calculation required behavioral data at a level lowver than
the level at vhich the model generated behavior. This model
deficiency resulted in the failure of tvo similarity tests.

In summary, the model failed on a total of 20 of the
132 tests. Sixteen of these 20 fallures appear to be
attributable to one of the major model deficiencies cited
above. There 1s not guarantee, of course, that making the
recommended enhancements to the model 1n an attempt to
eliminate these failures would be successful, or that the
enhanced models would not result in fallures on a different
set of performance measures.

These statistical tests have only been able to provide
a measure of the empirical adequacy of the three parameter-
ized models. Thus, the appropriateness of the unparameter-
ized model, 1i.e., the model as a parametric family of
speclf!é;;odels or as set of psychological assumptions, vas
not directly assessed. It would seem quite difficult,
impossible perhaps, to try to directly evaluate the status
of these assumptions, since any fallures of a fully para-

meterized model based on them could possibly be due to an
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1ndbb!°ﬁriat° translation of the assumptions into a testable

model. This defense, of course, was not used above in an
effort to defend the model, rather, the model failures
provided some valuable and diagnostic information concerning
the deficlencies of a fev modeling assumptions.

Credit, though, nmight be given to the general modeling
framevork due to the fact that 1t alloved for a reasonably

simple description of inter-crev differences in terms of the

| model parameters described in the previous chapter. The

simplicity that 1is being suggested is not intended to be a
reflection of the number of parameters that wvere required.
Rather, the description of crev differences wvas economical
due to the fact that a set of independent, relatively "low-
level™, parameters could be 1dentified for each crev that
vere capable, via the model mechanisms, to generate the
complex, "highflevel", behavioral differences between the
crevs.

For example, 1t appears as if Crew E's ability, as a
one-person crev, to perform at the level of Crew 2, a tvo-
person crew, can in 1large part be accounted for by the
simple £a9t that Crev E could fly the scout, enter friendly
craft co;iands, and perceptually identify task affordances
slightly faster than could Crev 2. These results may not be
too surprising given the assumptions of the modeling
approach discussed 1in Chapter 1V. The offered viev of

skilled performance wvas that, once the appropriate per-
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cepthal'ahd action mechanisms are in place, skilled perform-
ance evén in complex tasks can be characterized as primarily
as perceptual-response 1Iin nature. The "intelligence" in
such processing was arqgued to be not so amuch a property of
the human's real-time information processing, but rather as
a property of the design of the mechanisms responsible for
that processing. The fact that Crev E's ability to perform
at the level of Crev 2 could be attributed to parameter
differences entirely within the domains of perception and
action is consistent with these views. Specifically, if
skilled processing relies increasingly upon (albeit complex)
perceptual and action mechanisms, the obvious place to look
for performance 1limiting constraints is the perceptual and
action domains.

If the performance limitations of the perceptual and
action mechanisms cannot, on the other hand, account for all
human performance 1limitations (as they could not for Crew
1), the next most obvious place to look is in the design of
the perceptual and action mechanisms themselves. As opposed
to the mechanisms' performance characteristics, their design
characteristics do not reflect limitations on the rate vwith
vhich thg mechanisms operate. Rather, the design character-
istics are concerned with the appropriateness of the higher-
level strategies that the mechanisms can be described as

implementing.
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- " the most critical vay in vhich design flavs in these
mechanismas can yleld sub-optimal performance is by their not
being attuned to the appropriate set of concerns. Thus, the
Crewv 1 model was not only less efficient in the_perceptual
and action domains than the other twvo nodels, this model vas
attuned to a different set of world affordances than the
other two models. The selection of action based on these
affordances in the Crev 1 model vas, in turn, less vell
aligned vith the task goals than it vas in the other tvo
models. The assumptions of the modeling framework vould
suggest that the attempt to identify why Crev 1 might have
been sub-optimal in this regard wvould have to take into
account the historical forces 1in the previous task exper-
ience of Crew 1 that led to the development of the inap-
propriate perceptual and action mechanisms. Such an analysis

is beyond the scope of the present vork.
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CHAPTER VIII

CONCLUSIONS

The research products selected to be presented here as
conclusions are those with best chance of applying to
skilled human performance in a wvide range of task environ-
ments. These findings are intended to apply ¢to skilled
human behavior in perceptually rich domains that require the
selection and execution of actions. The conclusions are
also relevant to the assessment of alternative modeling
approaches that wvere not specifically designed to describe
cognition in such domains, but are nevertheless contended to
serve as general purpose models of cognitive processing.

It 1s clear that the modeling framework used here falls

far short of being an adequate theory of the organization of

human perception, cognition, and action underlying skilled
performance. This fact 1is true quite independently of any
evidence provided for or against this framewvork in the
empirical portions of this research. Due in part to its
rough qualitative form, it is not even clear what data could
serve to falsify 1its major assumptions, since any such
failure could be due to an inappropriate translation of the

qualitative claims 1into empirically testable hypotheses.
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Even vorse, its intended domain of applicability is so broad
that the framevork cannot be easily made to apply to any
concrete task environment without careful study of the
perceptually avallable infornation and the human's cap-
abilities for action in that environment. On the other
hand, the framework has provided a wvay of structuring the
approach for investigating a rather complex phenomenon, and
this purely pragmatic benefit 1is perhaps the research
product vith the best hope for applicability beyond the
artificial laboratory task environment studied here.

One major assumption of the present approach is tha;
much of the information processing work underlying skilled
human performance can be performed by task-specific per-
ceptual mechanisms that are sensitive to those aspects of
the task environment that are highly relevant for the task
of action selection. Using the terminology of ecological
theories, the perceptual mechanisms have been described as
mechanisms that are attuned to environmental affordances.
These affordances are relationships between features of the
task environment and the human's capabilities £for action.
Ecological terminology was used primarily to suggest that
the assumed functional role of perception 1is to rapidly
provide information that 1is high relevant to the task of
action selection, given that the context in which perception

occurs is compatible with this style of processing.
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One glaring hole in the proposed framework is a lack of
a specification of the properties of an environmental
context that determine vhether or not that context will
support parallel processing. The clarification of this
single issue is the subject of a large body of psychological
research (e.g., Shiffrin and Schneider, 1977; Treisman and
Gelade, 1980; Egeth and Jonides, 1972; Fisher, 1982). The
research of Shiffrin and Schneider has focused on the
primary role that consibtency of training plays on the
development of parallel processing, or automaticity.
Treisman and Gelade's work, on the other hand, has focuseq
primarily on the features of the stimulus display that
either promote or disallow parallel processing. At this
point, it 1s probably prudent to conclude that both training
and contextual factors are relevant to the development of
parallel processing.

To cloud the issue even further, the proposed framework

can be (interpreted 1in a wvay that does not even require
perceptual processing to be parallel. The major requirement
that has been made here is that the perceptual processing
underlying expertise is rapid, and does not require multiple
dimensions of Iinformation to be overtly and effortfully
integrated. 1In some situations, this condition can be met
without the assumption of parallelism. Rather, this type of
rapid perceptual processing is compatible with the as-

sumption that the perceptual systems mature by becoming



254
attuned to the most dlagnostic features of an information
array. .

Specifically, the perceptual mechanisms nmight be
assumed to become sensitive to the minimal set of features
that can be used to distinguish betveen relevant affordance-
related situations. Tvo complex situations, even ones of
very high dimensionality, may yet be distinguishable by
their value along only one of the information dimensions.
Under this 1interpretation, a complex situation 1is not
recognized quickly due to the fact that a complex array of
information is processed in parallel. Rather it 1is recog-
nized quickly because it is the only relevant situation thaf
has a particular value along one of its many information
dimensions. Here, the focus would be placed on how an
expert's perceptual systems can explolt environments of high
redundancy, rather than how their perceptual systems might
process large arrays of Iinformation 1in parallel. This
latter interpretation is particularly attractive in that it
would be consistent with the assumption that the amount of
"rav” information processed by perceptual systems remains
invariant over experience level, but the expert's perceptual
systems produce more relevant information due to their
sensitivity to only the most dlagnostic information present
in the visual environment.

If the proposed viev of the role played by perception in

expertise is subsequently found to be tenable, the followving
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implications for psychological modeling would result.

F{zst, the present view would encourage a holistic
approach to the study of the perceptual, central, and action
mechanisms underlying expertise. Before lodeling central
mechanisms, for example, careful attention would have to be
paid to 1identifying the information that the perceptual
system 1s capable of providing to presumably simplify the
task of action selection. 1It is a widely held principle in
artificial {intelligence that £finding a beneficial problem
representation can simplify the processes that manipulate
that representation to £ind solutions. 1In short, an “ounce?
of representation is wvorth a "pound"” of search. Pexceptual
systems can be described as the mechanisms that construct
the problem representation ‘used by the central systems.
Ignorance of hov the perceptual systems might simplify an
information processing task by constructing an effective

problem representation might result 1in models of central

processing that are more complex than necessary.
Consideration, on the other hand, of hov perceptual
systems might construct easily usable representations may
suggest simpler accounts of central mechanisms. This was
the approach used here, and it allowved for a rather simple
central mechanism to perform most action selection tasks,
including planning and coordination tasks that seem to be
suggestive of central processing of some complexity. In

computer science terminology, the distinction between
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decision-making, planning, and coordination in the present

model is a data, rather than ocess, distinction. That is,
a unitary central process produces all three types of
behavior; the type produced is determined by the data (the
affordances) upon vhich the central mechanism operates.
Perhaps the assumption that the model and human used the
"same" type of central processing 1is not crucial to the
present argument. Rather, vhat would seem to be important
is that the modeling effort demonstrates that the assumption
of simple central processing mechanisas in not inconsistent
vith the existence of complex human behavior.

Thus, the holistic approach would dictate that nodellné
of central processing should not proceed in ignorance of the
fundamental role of perceptual mechanisas aé representation
builders. Similarly, the holistic approach would also
suggest that nodéling of perceptual processing should be
influenced by those processes that exist "behind" per-
ception. That is, instead of viewing perceptual systems as
mechanisms that simply provide neutral desqriptlons of the
environmental state of affalrs, the role of action-oriented
perception would be emphasized. While it may be useful (and
perhaps necessary) to view some mechanisms of perception as
being geared to providing a falthful plicture of the external
world, this research would suggest that perception can do
much more. Rather than serving the benign role as a data

gathering agent for the intelligent central systems, the

~
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perceptual systems can be vieved as intelligent mechanisms
in their own right (Runeson, 1977). They operate intel-
ligently by providing information that is highly relevant
for the task of action selection, in a way analogous to an
experienced secretary who might aid an executive by inte-
grating knowvledge of the executive's activities with the
deluge of incowming nessages; requests, and reports,

If found adequate, the proposed framevork wvould
therefore encourage an approach to investigating and
modeling cognitive phenomena that views the perceptual,
central, and action systems as tightly coupled. Note that
this does not imply that these distinct systems cannot bé
decomposed for modeling purposes. But it has been suggested
that the boundary 1lines that are drawvn to reflect the
decomposition may shift as a function of the experience
level of the person being modeled. That is, an additional
assumption of the‘proposed framework 1is that one of the
primary psychological changes involved in skill development
is a shift to a greater reliance on the perceptual systems,
with a commensurate lessening of the burdens on the central
systems.

It 1s interesting to observe that a shift to a greater
reliance on perceptual systems would appear to have benefits
associated vith reduced memory demands. As discussed above,
a neglect of perceptual systems when describing central

systems can result in solution technigques that are overly
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complex. For example, Simon (1975) shovs hov the use of a

percep?ual strategy to perform the Tover of Hanol problem
can reduce the complexity of problem solving processes. 1In
situations vhere possible herceptually-based solutions are
ignored, though, the resulting "blind"™ models typically have
another, yet related, undesirable feature. These models
often require a large, often verbally represented, internal
vorld representation (e.qg., Winograd's (1972) SHRDLU
program). A tremendous amount of logical reasoning and
wvorld knowledge are typically required in order to keep this
representation internally consistent and externally vallq
(e.g., the "frame problem™). A sighted person, on the othet
hand, can 1look and see the effects of his actions, can see
the progression of events due to other causal agents, and
can thereby avold much of the effort and many of the dangers
assoclated with substituting a verbal representation of the
vorld for the world itself.

The proposed approach, of course, is not intended to
represent a general solution to the frame problem, or other
problems associated with truth maintenance. Rather, vhat is
suggested is that such problems might be largely irrelevant
to the task of developing models of the cognitive processes
characteristic of highly skilled behavior in perceptually
rich task domains. Psychological processes might have a
tendency to, where possible, substitute perceptual inference

performed by searching the environment for logical inference
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performed by searching through verbal descriptions, or
represgntations of the environment.

Due to the model's heavy reliance upon perceptual
inference rather than logical inference, the current work
encourages a viev of representations as tightly coupled to
the active processes of perception. This approach to
specifying the nature of representations is in contrast to
vieving representations as passive data structures that lie
dormant vaiting to be "matched" with features in the world.
For exanmple, the model's Iinternal representation (the
dynamic set of affordances) might be described as belng
"volatile®. This term is meant to express the fact that the
model's internal representation is dynamically reconstructed
each time thé model "looks" at the wvorld display. The model
does possess, of course, non-perceptual knowledge of world
dynamics that it uses to create these affordances. This
knowledge, though, is embodied in the constructive processes
that generate the model's internal representation and should
not be confused with the information that constitutes the
model's representation at any point in time. This viev of
representations as oﬁjects that are dynamically constructed
from perceptual Information also serves to emphasize the
important role the environment can serve as an external
menory store.

To make these claims iore concrete, perhaps it is best

to see hov the proposed framevork might be applied for
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describing perceptual and cognitive processes in a more

familiar domain. Empirical results concerning the behavior
of expert chess players vere cited in Chapter IV in order to
motivate the present approach. One relevant finding vas
that chess experts were better able to construct meaningful
board configurations from memory than were players vith less
chess proficiency. A meaningful configuration vas one that
might naturally occur in a chess match betveen skilled
opponents. On the other hand, vhen conflgurations wvere
comprised of pieces placed 1in arbitrary or unnatural
positions, experts were found to be no better than the less
experienced players at reconstructing these configuzation;
from memory (Chase and Simon, 1973) The interpretation that
vas given for this result wvas that experts possessed
superior pre-stored knowledge in the form of "chunked” chess
positions that could be retrieved from 1long-term memory and
rapidly deployed to encode the board position. Simon and
Gilmartin (1973) have suggested that expert players may have
accumulated about 50,000 such knowledge chunks.

Simon's interpretation of these empirical results does
not, though, yield a natural account of DeGroot's (1965)
observation that, £for an éxpert, only a fewv candidate moves
ever even "come to mind", and Dreyfus' (1979) observation
that vhat sets an expert chess player apart is his ability
to "zero-in" on the most important information. Simon might

suggest, though, that some unspecified pattern matching
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process could be used to retrieve the appropriate chunks
from lgng-tern memory, and the activated chunks either are,
or determine vhat, information comes to mind. Predicting
vhat information the expert will zero-in on in a given
situation could presumably be accomplished with knowledge of
the set of chunks possessed by the expert.

A different interpretation of these f£indings can be
given based on the modeling framework proposed 1in this
research. This interpretation is incompatible with Simon's
hypothesis that chess expertise is due in large part to the
accumulation of chunked board configurations in long-tet,
memory. Rather, the proposed interpretation is that much of
the "knovledge" that chess experts have is literally in how
they look'at the board. This knowledge does not consist in
stored patterns residing in long-term memory thatinust be
matched with perceptual input, but in an array of chess-
specific perceptual mechanisms that are sensitive to various
features of the board configuration. Under this interpretat-
ion, chess knowledge does not passively reside as a set of
representations, or data structures, within the chess
expert. Rather, chess knovledge could be described as the
functional ability of the player's chess-specific perceptual
systems to dynamically construct highly relevant information
from board positions, wvhether actual or internally imaged.

The perceptual mechanisms are assumed to process the

board configuration rapidly, and, to some extent in paral-
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lel. These mechanisams are assumed to be attuned to the

affordances in the board configuration. The affordances are
the features of the board that are highly relevant for the
selection of a move orxr series of moves. The player would
presumably also be sensitive to his opponent's action
affordances.

These hypotheses can be made more specific by reference
to the model discussed in the previous chapters for describ-
ing behavior 1in the 1laboratory task. As in the perceptual
mechanisms used for describing scout and friendly wvaypoint
selection, it could be assumed that the chess expert uses a
set of mechanisms that are each attuned to a dlfferenf
action-oriented feature of the task environment. For the
vaypoint selection model, these features vere sensitive to
vorld information relating to the search, 1locomotion,
collision, and fuel-range affordances of world locations.
For a chess model, the relevant affordances might relate to
opportunities for center control, castling, mating, and the
execution of various standard attacks and defenses. Each
such mechanism might produce an independent mapping of the
board that differentiates the board configuration to produce
a scalar valued affordance map. As in the wvaypoint selec-
tion model, these maps could then be superimposed to
identify moves or complex actions that have high affordance
values on many of the affordance dimensions. There is

nothing in the proposed framework that would suggest that it
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wvould be easy to ratlonally reconstruct the "computations®
performed by these perceptual mechanisms in the format of
algorithms.

To make the behavior of such a model consistent with
the eipirlcal claims made above concerning chess expertise,
twvo additional assumptions would have to be introduced. The
first concerns hypothesizing what it would mean for a move
to "come to mind" in this model. A natural assumption vould
be to identify "coming to mind" with the process of passing
the most highly afforded actions to the selection, or
central, systenms. In the wvaypoint selection model, the
peaks and ridges in the final affordance map vere passed t;
the selection mechanism for further processing. By a
process of search and evaluation, one of these candidate
vaypoints wvas selected to be the next craft waypoint. This
search process evéluated the candidate wvaypoints by intro-

ducing additional evaluative criteria to which the per-

ceptual mechanisms were not sensitive. The evaluation of
these additional criteria, concerning fuel maintenance and
backtracking avoidance, could possibly have been performed
in a perceptual mode by human crews, although perceptual
mechanisms sensitive to these criteria could not be con-
structed in this research.

In a vay similar to the wvaypoint selection model, the
moves that could be described as coming to mind in the chess

model would be those with the highest overall affordance
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value based on the outputs of perceptual processing. These
moves would be submitted to the central systems to be
analyzed in wmore detail to‘determine the appropriate course
of action. This analysis would, as in the vaypoint selec-
tion model, 1incorporate evaluative criteria to which the
perceptual mechanisms vere not sensitive, due elither to
insufficient maturity on the part of the perceptual mechan-
isms, or the fact that the evaluation of certain criteria is
incompatible with a perceptual processing mode. 'In the case
of immature perceptual mechanisms, the final affordance map
may be "flatter”, or not as differentiated as the map
produced by mature mechanisms. Depending on an assunptioh
concerning a threshold affordance value that determines
vhich moves come to mind, the central mechanisms of a model
incorporating such a flat map may elther be flooded with
options to be evaluated, or it may not "see" many appro-
priate moves.

Of course, another interpretation of unskilled chess
behavior would be that the affordance map used by such
players may be as differentiated as an expert's map, but the
map does not capture the appropriate set of action afford-
ances. For example, a 1less skilled player may not be
sensitive to, for example, certaln types of attacks or the
value of center control. In such a case, the candidate set
of moves submitted to the central systems for further review

might be distinct from the candidate set of moves considered
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by the expert. A model based on this assumption would
"focus-in", but it would focus-in on the wrong information.

To describe to superior ability of chess experts to
reconstruct meaningful board posltiohs, a memory-related
assumption would be required. One possible assumption would
be that board configurations are memorable to the extent
that the affordance maps that are generated from them are
highly differentiated or articulated. Perhaps the peaks oz
ridges in the map permit a chunking of information that
enhances memorabillity. A less experienced chess player,
with a flatter affordance map, would either lack or have
less vell articulated chunks than the expert. In the case
of meaningless board configurations, neither the expert or
non-expert would be expected to possess a highly differ-
entiated map, since the normal patterns and "lines of force"
to wvhich the perceptual systems are sensitive would be
lacking. Therefore, the expert's superliority in board
reconstruction wvould be negated.

Hopefully, this application of the modeling framework
to chess playing has helped to communicate the assumptions
of the proposed approach. While this is far from being a
complete model of human chess playing, it is hoped that this
exercise has suggested that the modeling framework could be
applied to describe perception and cognition in tasks that
seem to require more than "simply"® perceptual-motor skill.

Perhaps more importantly, this application has helped to
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illustrate the vast array of issues left unaddressed within
the prqoposed modeling framework, as assumptions had to be
continually added to produce a model |in agreement with the
observable evidence. Whether the modeling framework can be
enhanced to provide a substantial theory of expertise, even
in restricted task environments, and wvhether such a theory
could survive empirical test, are questions still to be

addressed.
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APPENDIX A

INSTRUCTIONS FOR SUBJECTS

Displays

Horizontal Map

Terrain - The horizontal map depicts a 100 square mile
(10 mile x 10 mile) overview of the entire area accessi-
ble to the helicopters. 1If either ownship or any friend-
ly craft exceeds the boundaries of this world, they will
immediately be destroyed. There are three types of ter-
rain:

a. Open ground is represented as brown regions on the
map. )

b. Lightly forested terrain is represented as 1light
green regions on the map. ‘

c. Heavily forested terrain is represented as dark green
regions on the map.

The speed of the four friendly craft and the average
speed of the ownship in automatic mode will progress from
fastest to slowvest in the following manner: above tree
height or in open ground (fastest); in lightly forested
terrain; 1in heavily forested terrain (slowvest). The
probability of being locked onto by enemy radar will also
decrease in a similar manner from above tree height or
open terrain (most vulnerable) to heavy forest (least
vulnerable). .

Home Base - Home base is represented as a white circle on
the horizontal map. Upon reaching this region, friendly
craft and the ownship may be unloaded, repaired, refu-
eled, and resupplied with missiles.

Scout Helicopter or Ownship (F0) - The helicopter under
your direct control is represented as a blue circle with
the number zero. Your direction of motion 1is indicated
by a small blue dot on the forward edge of the larger
circle.
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Friendly Craft (F1, F2, F3, F4) - Four friendly craft
under your command are represented as four blue circles
vith the numbers 1 through 4. Thelr direction of motion
is indicated in the same manner as for ownship.

Enemies - In the "world" in which you will operate there
are at least four stationary enemies represented as yel-
lov circles, at least four slowv moving enemy tanks repre-
sented as orange circles, and at least four fast moving
enemy helicopters represented as red circles. The direc-
tion of motion of the orange and red enemies is repre-
sented in the same manner as for the ownship. These en-
emies will not be visible on the horizontal map until
they are detected by ownship or by friendly craft (see
details below).

Cargo - There are at least eight pieces of cargo 1in the
"world" that are represented as gray circles on the map
display, each with a numerical identifier superimposed on
it. The cargo will not appear on the map until they are
each discovered by the scout or friendly radar (see belo
for details). . :

Crosshairs - A pair of crosshairs 1s represented as a
black cross on the map display. The position of the
crxoss is controlled by the two-dimensional Joystick to
the right of the horizontal map display. This cross is
used to specify navigational waypoints for friendly craft
and for ownship in the automatic horizontal control mode.

Text Display

This display is used to create and modify lists of goals
and actions for the four friendly craft. (See below)

Forwvard Looking Display

This display presents a view of the terrain immediately

in front of the ownship, with the maximum viewing distance
equal to approximately 0.40 miles. Ground is represented 1in
brown, trees are represented in green, and the sky is light
blue. Enemies will appear as yellow, orange, or red circles.
Cargo will appear as gray circles. Friendly craft will ap-
pear as blue circles. 1In the upper right corner of the dis-
play 1is a heading indicator, showing the direction (north,
east, south, west) the ownship is pointed. The Forward Look-
ing Display should be monitored so as to avoid collisions
between the scout and either trees or friendly craft. Scout
collision will result in its destruction and the termination
of the session.
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D. status Display

The atatus display is immediately above the forward
looking display and contains the following information:

1. Goal Lists - A list of the top (first) four goals and
their associated actions for each friendly craft appears
at the top of the display. These lists are modified by
means of the text display and keyboard. (See below for
detalls.)

2. Flight Management Information

a. Fuel - Ownship and friendly ships will have a full
load of fuel at the beginning of a mission. Rate of
fuel expenditure will be increased by four multipli-
cative factors:

l. Use of automatic horizontal control will increase
the fuel expenditure rate by 100 % for the own-
ship. ’

2. Goling at higher velocities will increase the fuel
expenditure rate up to 100 % for maximum veloci-

ty.

3. Carrying greater cargo weight will 1increase the
fuel expenditure rate up to 100 % for the maximum
possible weight.

4. Each time a craft is hit by enemy fire and dam-
aged, the fuel expenditure rate increases by 25 %
up to the maximum of 100 % for four hits.

The combination of these factors can vary the
rate of fuel consumption by a factor of 8 for friend-
ly craftt; 16 for the ownship.

Fuel can be replenished by returning to home
base. If the ownship or any friendly ship has less
than one-quarter tank of fuel, a warning will appear
in the message area, first when the one-quarter mark
has been reached, then periodically after until ei-
ther that ship's fuel has been replenished or the
ship runs out of fuel entirely. If ownship or any
friendly craft runs out of fuel away from home base,
that craft is no longer operable, except for wunload-
ing its cargo.
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Missiles - Ownship and friendly craft will have five
missiles at the beginning of a mission. One missile
“1s fired by a friendly craft during an attack (A) ac-
tion, and one missile is fired by the ownship each
time the trigger on the 3-dimensional control |is
pressed (see below for details). If a friendly craft
is ordered to attack and it has no remaining mis-
siles, the attack action will not take place, and a
varning will appear in the message area. Missiles
can be replenished by returning to home base.

Weight - The weight of ownship and each of the fri-
endly craft depends on the number of remaining mis-
siles and the amount of cargo that has been 1loaded
into the ship. Each missile weighs 100 pounds. The
combined weight of cargo and missiles cannot exceed
1,000 pounds. If a friendly ship or ownship tries to
load a piece of cargo that would exceed this weight
limitation, the load action will not be executed, and
a wvarning will appear in the message area. Weight
can be decreased by unloading cargo and by jettison-
ing missiles. .

Damage Count - Each time. ownship or friendly craft is
hit by enemy fire, there is a 60 % chance the craft
will be destroyed. 1If the craft 1is not destroyed,
the damage count will increase by one. 1If the damage
count reaches five, the craft will also be destroyed.
Damage can be repaired by returning to home base.

Ground Speed - Ground speed ranges from 0 to 80 miles
per hour in manual mode, and 0 to 60 miles per hour
in automatic horizontal mode. The rate of fuel ex-
penditure increases with ground speed. The maximum
speed for any friendly craft will decrease by 10
miles per hour for each increment in its damage
count.

Altitude - Altitude ranges from 0 to 200 feet. Zero
altitude <corresponds to ground level. In manual
vertical mode, if the ownship reaches 0 altitude at a
descending vertical wvelocity of greater than 25
feet/second, the ownship will crash and be destroyed.
Tree 1level corresponds to 90 feet. Above this alti-
tude, ownship and friendly craft can travel with the
same ease as in the open ground area.

Vertical Rate - Vertical rate varies from -40
feet/second (descending) to +40 feet/second (ascend-
ing).
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h. Mode Indicators - The ownship's presently operating
horizontal control mode (manual, automatic without
-pathfinder, automatic with pathfinder) and presently
operating vertical control mode (manual, automatic)
are indicated. (See below for details).

i. Points - Your overall goal is to accumulate as many
mission points as possible over each 30 minute mis-
sion. Points are awarded for delivering cargo to
home base and destroying enemy craft. Points are de-
ducted from current totals for losing any craft (in-
cluding ownship) or for having a craft run out of
fuel.

j. Time Remaining - Each mission will last 30 minutes.
The remaining number of minutes are indicated on the
status display.

Message Area - Warnings and error messages will appear in
this area under the following conditions:

a. Any friendly craft or ownship is locked onto by enemy
radar. The ovnship or friendly craft symbol on the
horizontal display will also begin to blink on and
off to indicate that it is locked onto.

If ownship or a friendly craft 1is within .40
miles of an enemy, or, for the ownship, 1.5 miles
while above tree level, then the probability of a
lock-on during each one second interval is:

1. 0.8 in open ground or above tree level

2. 0.6 - 0.8 in light forest depending on altltude.
The probability of a lock-on increases with alti-
tude.

3. 0.1 - 0.8 in dense forest, again depending on al-
titude.

Once a lock-on occurs, the enemy craft will

begin moving toward the ownship or friendly craft.
1f the enemy is not the currently active goal for the
friendly craft that is locked onto (see below for ex-
planation), the friendly craft will automatically
begin an escape maneuver, and the goal on which the
friendly craft was working will be suspended. 1If the



278

enemy is the specified goal for the friendly craft,
then the friendly ship will continue normal execution

-0f the goal. Thus, if you want a friendly craft to

approach an enemy without running awvay, the friendly
craft must have the desired enemy specified as its
current goal.

A lock-on may be broken in the following wvays:

1. The distance between the enemy and ownship or
friendly craft exceeds .40 miles (1.5 miles for
the scout while above tree level). Since the en-
emies' lock-on range varies for the scout depend-
ing on whether it is above tree level (1.5 mile
lock-on range) or below tree level (0.40 mile
range), the scout, if above tree level, can break
any lock-on of greater than 0.40 miles by des-
cending to below tree level. If this does not
break a lock-on, this means that the enemy is
within 0.40 miles of the scout, and other action
must be taken (fight or flee). :

2. If ownship (locked onto at less than 0.4 miles)
or a friendly craft transitions from open ground
or from above tree level into any forested re-
gion, the ©probability of breaking the lock-on
ranges from 0.2 to 0.9 depending on altitude
(lower 1is better) and density of forest (heavy
forest is better).

3. If ownship or a friendly craft transitions £from
light forest to heavy forest, there is also a 0.2
to 0.9 probability of breaking a lock-on, depend-
ing on altitude (lower is better).

If the lock-on is not broken within a variable
period of time (mean is 14 seconds, S.D. is 2 sec-
onds), the enemy will begin firing missiles at the
friendly or ownship at intervals initially equalling
the lock-on period, but decreasing slightly with each
missile fired. The probability of being hit by each
enemy missile depends on the density of trees and
distance from the enemy. If ownship or a friendly
craft is hit, there is a 0.6 probability of being
destroyed. Otherwise, the hit will result in the
damage count increasing by one.

Ownship or any friendly craft has less than
one-quarter tank of fuel remaining.
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c. A craft attempts to load a piece of cargo and any of
the following conditions occur:

1. The ownship is not at ground level, or a friendly
is not "down".

2. There is no cargo within 1/8 mile of the heli-
copter.

3. The weight of the cargo will exceed the heli-
copter's carrying capacity.

4. The scout is not stationary.

d. aAny friendly craft is commanded to begin an attack
action, and it has no remaining missiles (including
ownship).

e. An invalid goal or action has been specified for a
friendly craft.

£. A friendly or ownship attack resulted in the target
being missed. .

g. An invalid button sequence has been entered.

h. The pathfinder has failed to find a clear path from
the scouts present position to the waypoint specified
by a Go To.

i. The Auto/Go To button was pressed while the scout was
moving too fast for the horizontal automatic mode
with the pathfinder to be enabled.

All messages will be accompanied by an audio alarm to
alert you to the fact that a message is being displayed.
Messages remain displayed for approximately 10 seconds,
then disappear. The disappearance of a message does not
indicate that the condition that generated the message
has been resolved.
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Control of Ownship
Horizontal Control

The pilot will be able to control his craft in either
manual or automatic mode. The advantage of automatic
horizontal mode 1s that it frees the pilot from the
manual task of tree avoidance. The disadvantage is

that flight will generally be slower than in the manual
mode due to dependence on an unsophisticated path finder,
wvhich is not as skillful as the human pilot. The auto-
matic horizontal flight mode will also expend more fuel
per mile traveled.

1. Automatic Mode (Row of three pushbuttons)

a. Auto/Go To Pushbutton - Automatic f£light to a
given location will be accomplished by moving
the crosshairs to the desired location on the
horizontal map display using the two-dimensional:
control stick, and the pushing the Auto/Go To
pushbutton. A string of Go To commands can be
entered by repeatedly positioning the crosshairs
and pressing Auto/Go To. Each successive waypoint
along the ownships' path will appear on the horiz-
ontal map display as a zero.

1. If the ownship is stationary when the first Auto/
Go To is entered, the helicopter will auto-
matically proceed toward the postion indicated by
the crosshairs, avoiding trees in its path. Path
finding (tree avoidance) will involve only the
necessary deviations from a straight line between
ownship's current and specified locations.

2. If the ownship is moving at a ground speed of
greater than approximately 20 mph when the first
Auto/Go To is entered, the Go To point entered
will not be accepted, the ship will come to a
stop, and a message indicating that the scout was
moving too fast for the pathfinder will be dis-
played in the message area. This is because the
ownship must be stopped or moving very slowly for
the pathfinder to be effectively engaged for the
initial Go To of a string of such commands. Once
the ship comes to a stop, a Go To can then be en-
tered, or the ship can be returned to manual con-
trol, whichever is desired.
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3. If the ownship 1is above tree height when an
Auto/Go To 1s entered, the pathfinder will not be

: invoked and the ownship will £fly in a straight
line to the indicated point. 1If the ownship des-
cends to belov tree height during this flight, no
automatic tree avoidance will be active as the
craft continues along its route. If a string of
Go To's is constructed in which the initial Go To
vas entered while above tree height, then the en-
tire string of Go To's will be flown without be-
nefit of the pathfinder, regardless of the alti-
tude at which subsequent Go To's were entered.
Thus, each Go To in the string will be treated as
if it had been entered while the scout was above
tree level.

4. When the craft finishes the last Auto/Go To, it
will automatically stop. The ownship will also
stop automatically for short periods if the path-
finder is slow in determining a path. There |is
no guarantee that a path can be found to any par-
ticular point given. If no path is found, a mes~
sage indicating this fact will be displayed in
the message area, and the pathfinder will turn
itself off, erasing any string of Auto/Go To's
entered after the point it was working towards.
The above restrictions for pathfinder initiation
make it very advisable to check the pathfinder
status on the status display whenever the

horizontal automatic mode is used.

Stop Pushbutton - Pushing this button will stop hori-
zontal motion; manual rotation will still be possi-
ble. If the ownship is executing a string of Auto/Go
To commands when the Stop Pushbutton is pressed, this
action will erase that string.

Manual Pushbutton (Horizontal) - Pushing this button
will activate the horizontal manual control stick,
and will also erase any string of Auto/Go To commands
that may have been entered.
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2. Manual Mode

Manual Joystick (Horizontal) - The pilot will use a
three-axis Jjoystick as a rate controller. Rotation of
the joystick will control the rate of rotation 1in the
horizontal plane. The other two dimensions of the joys-
tick control the direction and horizontal speed of the
owvnship. To move forward, backwvard, left or right, press
the stick in the desired movement direction. The farther
the stick 1is pushed from its upright resting position,
the faster will be the the ownship's movement. Returning
the stick to its upright resting position will cause the
horizontal movement to stop. Also on this Jjoystick are
three buttons and a trigger. These are used for perform-
ing the following actions: 1left thumb button - LOAD,
middle thumb button - UNLOAD, right thumb button - JETTI-
SON, trigger - fire a missile. These actions will be
described below.

B. Vertical Control

The pilot can control the vertical movement of the own-
ship in either an automatic or manual mode, regard-
less of which mode is being used for horizontal control.

1. Automatic Mode (Row of Three Pushbuttons)

a. Up Pushbutton - When this button is pressed, the own-
ship will automatically bob-up and maintain a stan-
dard altitude above tree height.

b. Down Pushbutton - When this button 1is pressed, the
ownship will automatically bob-down and maintain a
standard altitude below tree height.

c. Manual Pushbutton (Vertical) - Pushing this button
will activate the one-dimensional vertical control
stick for manual vertical control.

2. Manual Mode

Manual Control Stick (Vertical) - The pilot will use

the one-dimensional control stick as a rate controller.
The control stick will control the ownship's rate of
change of altitude. Push forward to ascend, and pull
back to descend. The farther the control is from |its
resting position, the faster the ownship will move. Care
must be taken when descending, as reaching 0 altitude at
25 ft/sec or greater will result in the loss of the own-
ship and premature termination of the mission.
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III. Control of Friendly Craft

To command the four friendly craft, it is necessary to
specify a list of goals and the actions needed to ac-
complish each goal. This is done through the text display
and keyboard which are activated by the Text Pushbutton
on the navigator's control panel, or by the Interrupt
Pushbutton on either the pilot's or navigator's control
panel.

Text Pushbutton - Pushing any one of the friendly ship
identifiers (F1-F4) followed by the Text Pushbutton
activates the text display and keyboard. These are used
to create a new goal list for the specified friendly
craft or to modify a goal than has not already begun
execution.

A. Plans of Action
1. Goals

a. E (Enemy) - One goal is to destroy enemies. There
are a number of enemies scattered over the 100 square
mile area accessible to the helicopters. These enem-
ies will not be visible on the horizontal map display
until the scout helicopter (ownship) 1is above tree
level ( > 90 feet) and comes within 1.5 miles of
them, or until a friendly craft (including the scout
vhen it 1is below tree level) comes within .40 miles
of them. At these ranges, the scout or friendly
craft radar will automatically discover the enemies,
and display them on the horizontal map as yellow, or-
ange, or red circles.

1. Y (Yellow) - One class of enemies are stationary
and are represented on the horizontal map display
as yellow circles with a numerical identifier.
Once discovered, these yellow enemies will remain
displayed on the horizontal map until they are
destroyed. When each is destroyed, it will di-
sappear from the horizontal map, and mission po-
ints will be awarded. A friendly craft can al-
vays escape a yellow enemy's lock-on by fleeing
since they are stationary.
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2: O (Orange) - A second class of enemies are slow
moving tanks, which are represented on the hori-
zontal map display as orange circles with a
numerical identifier. The direction of motion is
indicated by a small orange dot on the forwvard
edge of the larger circle. The displayed posi-
tion of these orange enemies is accurate if they
are within the radar range of the scout (1.5
miles above tree level, .40 miles below) or with-
ing radar range of one of the friendly craft (.40
miles). If the enemies exceed these ranges, an
approximate 1linear extrapolation of their move-
ment will be displayed for 30 seconds. This ex-
trapolated position will not be a true reflection
of enemy craft location, but will be an estimate
based on the craft's last observed direction and
speed of motion. The fact that the enemy posi-
tion displayed on the horizontal map is an extra-
polation is indicated by the absence of the .
'nose' or leading dot on the orange enemy symbol. .
This 'nose' appears whenever the enemy's position
is being accurately displayed. After the 30 sec-
ond extrapolation time, the orange symbol will
disappear from the horizontal map. The orange
symbol will also disappear if the enemy 1is des-
troyed, and mission points will be awarded. A
friendly craft can usually escape the lock-on of
an orange craft by fleeing since they are slowver
than the friendlies. Exceptions to this are when
a friendly craft is 'down' in a forested region,
or when a friendly craft has suffered 3 or ¢
hits, 1in which case the friendly's speed will be
less than or equal to that of the orange enemy.

3. R (Red) - A third class of enemies are fast mov-
ing helicopters that are represented as red cir-
cles with a numerical identifier. The descrip-
tion given above for the orange enemies also
holds for the red enemies. The difference
between the two classes of enemies is that the
red enemies are faster and move more erratically
than the orange. Thus, the extrapolation esti-
mates of enemy craft position are less likely to
be accurate for the red enemies than for the or-
ange. Red enemies cannot be ocutrun by friendly
craft since both have the same maximum speeds.
As with yellow and orange enemies, however,
lock~-ons can be broken by the other means speci-
fied on pages 9 - 10. '
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b. C:(Cargo) - Another goal is to pick up cargo and re-
turn them to home base. There are at least eight
pieces of cargo scattered throughout the 100 square
mile area accessible to the helicopters. Each piece
of cargo will not be visible in the horizontal map
display until the scout helicopter 1is above tree
level and comes within 1.5 miles of it, or a friendly
is above tree level and comes within 0.4 miles of it.
At these ranges, 'radar' will automatically discover
the cargo and it will be displayed on the horizontal
map as a gray circle with a one or two digit numeri-
cal identifier. Cargo remain displayed until they
are loaded onto one of the friendly helicopters or
onto the scout itself. The cargo will vary in
veight; however, the weight will not be known until
the cargo is loaded. Mission points will be awarded
for each piece of cargo that 1is delivered to home
base.

€. X (Home Base) - Another goal is to return to home .
base to:

1. Drop off cargo
2. Replenish fuel and missiles
3. Repair damage to helicopters.

Home base is represented as a wvhite circle on the
horizontal map display.

d. 8 (Search) - Another goal is to have the friendly
ship move about in an attempt to locate enemy craft
and cargo. If a friendly craft comes within 0.40
miles of an enemy, the enemy will appear on the hori-
zontal map. If a friendly is above tree level (up)
and comes within 0.40 miles of a cargo, the cargo
will appear on the horizontal map. Stationary yellow
enemies will remain displayed until they are des-
troyed. Mobile orange and red enemies will remain
displayed until the distance from the nearest friend-
ly ship exceeds .40 miles, and the distance from the
ownship exceeds 1.5 miles when above tree level, .40
miles when below. A linear extrapolation of enemy
movement will then be displayed for 30 seconds, after
which the enemy will disappear £from the horizontal
map.

C-Y



286

Actions

A (Attack) - The indicated friendly craft ascends to
above tree level, fires one missile, and descends to
below tree level. If the friendly has no missiles
prior to the attack, then the action will not be ac-
complished and a wvarning will appear in the message
area. Friendlies and the scout must be within .4
miles of an enemy to have a chance of successfully
attacking an enemy. Thus, for the scout, if it is
above tree level and is locked onto by an enemy at a
range of greater than 0.4 miles, any attempt to at-
tack the enemy will result in a miss. If an enemy lis
visible in the forward-looking display of the scout,
then it is close enough £for the scout to have a
chance to successfully attack it, although an enemy
need not be visible to the scout (i.e. be in front
of the scout) for it to be successfully attacked.
Attacks can be successful, in which case the enenmy .
attacked will be destroyed, or they can result in a .
miss, in which case the attacking friendly will still
be in danger. The only means for increasing the
chance of a successful attack is to get as close to
the enemy as possible before initiating the attack.
The probability of a successful attack by a friendly
depends solely upon distance between the friendly and
the enemy. As previously stated, the danger to the
friendly of being attacked (fired at) by the enemy
depends on the time since it was first locked onto by
the enemy. The danger to the friendly of being des-
troyed once fired at depends on how far it is from
the enemy and the type of terrain intervening between
the friendly and the enemy.

It is important to note that if, during an at-

tack on an enemy, the attacking friendly misses the
enemy with a missile, the missile can hit and destroy
any friendly craft that may also be within range of
the attacking friendly. So it is possible for one
friendly to destroy another with a missile.

L (Load) - The indicated friendly craft 1loads cargo
if three requirements are met:

1. The cargo is within 1/8 mile of the helicopter.
This will be true if the symbols for the friendly
craft and the cargo overlap by more than one half
on the map display.
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2+ The friendly is "down"

3. The additional cargo weight does not exceed the
helicopter's 1000 pound carrying capacity.

1f either of these conditions are not met, the 1load
command will not be accomplished and a warning will
appear in the message area. The goal string must ei-
ther be fixed or aborted. (Reminder: 1In addition to
these conditions, the scout must be stopped to 1load
cargo.)

H (Hover) - The indicated friendly craft maintains
current position and altitude. Hovers can be termi-
nated with Skip, Interrupt, or Abort commands.

U (Unload) - This action causes the indicated friend-

ly to unload all cargo that it is currently carrying. :
1f the friendly or scout is not at home base when the -
action is executed, then the cargo become avalilable
for other craft to load, and no points are awarded.
This could be issued, for example, to reduce weight
or if the friendly has run out of fuel. If the fri-
endly or scout is at home base, then mission points
for the unloaded cargo will be awarded, and the craft
will be repaired and replenished with fuel and mis-
siles. Thus, the unload command serves to unload any
cargo under all circumstances, and also serves to re-
plenish and repair the craft if it is at home base.

P (Patrol) - The indicated friendly craft will begin
a circular flight path. Patrols can be terminated
with Skip, Interrupt, or Abort commands.

G (Go To) - The indicated friendly ship will travel
in a straight line from its current position to the
position indicated by the crosshairs on the horizon-
tal map wvhen the G button was pressed. The Go To po-
sition is indicated on the map display by a black
number corresponding to the friendly number for whom
the Go To was issued. A string of G commands can be
entered by seguentially positioning the crosshairs at
the desired waypoints, and pressing the G button.

J (Jettison) - The indicated friendly craft will Jet-
tison or eject one missile for each J command, pro-
vided it has one to jettison. This would serve to
lighten the craft.
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h. *~ (Up) - The indicated friendly craft goes to an al-
titude above tree level.

i. v (Down) - The indicated friendly craft goes to an
altitude below tree level.

3. Format - The general format is to specify on each line
of the text display a goal, followed by a colon, and
then the desired actions separated by commas. In other
words, the format of each line is

goal:action,action,action,etc.

a. E (Enemy) - To enter an enemy as a goal, enter E,
followved by one of the three color symbols (Y, O, R),
and then the appropriate digits to identify the par-
ticular enemy. These goal identifiers should then be
followed by a colon and the action 1list.

C (Cargo) - To enter a carqo as a goal, enter C, fol-
loved by a one or two digit number to identify the
particular cargo. These goal identifiers should then
be followed by a colon and the action list.

S (Search) - To enter search as a goal, enter S, then
a colon and the action list. Since the search goal
is relatively unconstrained compared to the enemy,
cargo and home (see below) goals, it is useful for
inserting actions such as up or down into a goal
list. For example, if a friendly craft is moving
slowly through a forested reqion because it is
"down", its goal could be interrupted and the goal

S:”

could be entered. After leaving the editor, the 'up'
action would automatically be enabled sSince an inter-

rupt vas used (see below). It would execute, then
the previous gqoal could then be resumed by enabling
it.

d. X (Home Base) - To return to home base as a goal,

enter X, then a colon, and then the action list. The
X goal is different than the others in that it car-
ries with it an implicit Go To which automatically
brings the craft to home base. A usual action fol-
lowing the X goal 1is U. All actions entered in a
home goal list will be executed after the friendly
has returned home.
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For example, commahding friendly craft Fl to attack
red enemy number 6 might be accomplished as follows:

- On the navigatoz's panel press F1 followed by
Text.

- On the text keyboard type ER6:G,G,A
The crosshairs on the horizontal map would be
carefully positioned before entering each G.

- Press Verify (See explanation below).

- If there are no syntax errors, press Exit (See
explanation below). The goal and actions will
then disappear from the text display and appear
in the rectangle for Fl on the status display.

Editing Functions

In writing the goals and actions on the text dis-
play, the following editing functions will be useful:

Arrovs (->, <-, ~, v ) - Pressing each of these but-
moves the text cursor (the blinking rectangle) one

space to the right, left, up, or down.

b.

Open Line - Pressing this button sets up a new blank
line at the cursor's present vertical position. This
command is useful for entering a new goal into an al-
ready existing list of goals.

Delete Line - Pressing this button erases the line at
the cursor's present vertical position.

Insert Character - Pressing this button puts a tempo-
rary filler character at the cursor's present posi-
tion, shifting any characters to the right of the
cursor over one space to the right.

Delete Character - Pressing this button erases the
character at the cursor's present position, and
shifts any characters to the right of the cursor one
space to the left,

Next Line - Pressing this button moves the cursor to
the beginning of the next line.
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g. Verify - Pressing this button checks the line at the
cursor's present vertical position for syntax errors
such as a missing colon, missing comma, incorrect
goal specification, etc. 1It also gives the coordi-
nates of each Go To command in that line. Each new
line should be verified in this manner.

"h. Exit - Pressing this button terminates text editing
and places the new list of goals in line for execu-
tion as indicated on the status display. No more
than nine goals may be listed for a single friendly
‘craft at any given time. Only the top four goals
will appear on the status display. Whenever a goal
is completed, it will be removed from the status dis-

play.

There are two additional buttons on the text key-
board - Reset and Repaint. Occasionally, the keyboard
will lock during use and will not accept any input. To
remedy this, the Reset button should be pressed.
However, doing so causes the computer to output a message
to the text display. This message can be removed and the
screen restored to its pre-locked state by pressing the
Repaint button.

A goal list can contain as many as nine goals of up

to 18 characters each. The editor has a nine row by 18
column 'window' in which to enter goals and actions. Any
attempt to move the cursor beyond this window will result
in a 'beep' alarm being sounded from the text keyboard.
This alarm will also sound if an attempt is made to enter
a character on top of another, with the exception of the
temporary filler character generated by the 'Insert Char-
acter' function.

B. Modifying Ongoing Action Plans

The pushbuttons mentioned next should be preceded by an
identifier. The identifiers are:

Fl - Friendly ship 1
F2 - Friendly ship 2
F3 - Friendly ship 3
F4 - Friendly ship 4

1. Abort Pushbutton - Pressing this button cancels the
currently active or top goal. The friendly ship then
vaits for an Enable to begin the next goal, if any.
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Skip Pushbutton

If the friendly ship is performing some action when
this button is pressed, the friendly ship will stop
its current action and begin the next action for that
goal. For example, pressing this button can termi-
nate a Hover or a Patrol of the friendly ship.

If the friendly ship has Jjust completed an action
when the skip pushbutton is pressed, the friendly
ship will skip the next action and begin the next ac-
tion after that.

Enable Pushbutton - There are two uses of Enable:
a. To initiate an attack.
b. To begin a new goal.

Prior to a and b the friendly ship will stop and
wvait until the Enable pushbutton is presse

Interrupt Pushbutton - At any time, either the pilot
or navigator can interrupt a currently executing

goal and the navigator can insert, via the text
display and keyboard, a new goal/action list which
will then become the currently executing action. The
previous goal/action list will be placed second in
line after the new goal/action list, and will consist
of the goal identifier and any actions that had not

been already completed at the time of the interrupt.
Pressing the Interrupt Pushbutton performs the fol-

lowing:
a. Suspends the currently active goals/action list.

b. Turns on the text display, leaving the top line
blank for the interrupt goal/action list.

Pressing the Exit button on the text keyboard after
an interrupt goal/action list has been entered per-
forms the following:

| a. Turns off the text display.

b. Enters the added goal/action list at the top the
line for execution, moving all previous lists
down one row.

c. Enables the top goal/action list automatically.
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Once it has bequn execution, the interrupt goal/
action list can be controlled in the same manner
as reqular lists.

Status Pushbutton - Pushing this button will show
the status of the identified friendly ship on the
set of status indicators for approximately 10
seconds. After this time, the craft's information
will automatically disappear and return to the
ownship status. The status indicators display fuel
remaining, altitude, vertical rate, ground speed,
number of missiles remaining, weight capacity
remaining, and damage count information that existed
for the friendly ship at the time the Status Push-
button was pressed. 1f, after pressing the Status
Pushbutton for a friendly, ownship status is
desired before the 10 seconds has elapsed, then the
owvnship status can be reinstated by pressing the FO
identifier followed by the Status Pushbutton. This
is the only use for the FO identifier button.



